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Zusammenfassung
Verbrennungsmotoren leisten den gro¨ßten Beitrag zur Befriedigung der Nach-
frage nach Mobilita¨t. Die letzte geho¨rt zu den wichtigsten Gu¨tern der modernen
Industriegesellschaften. Obwohl abnehmende Reserven an nicht regenerativen En-
ergiequellen, zunehmende Belastung der Umwelt durch Luftverschmutzung und
Treibhauseffekt eine langfristige Erschließung alternativer Techniken erfordern,
bleibt die derzeitige Verbrennungstechnik unverzichtbar. Daher stellen die Opti-
mierung der Effizienz und Umweltvertra¨glichkeit die wichtigsten gesellschaftlichen
Forderungen an die Weiterentwicklung dieser Technik dar.
Der direkteinspritzende Pkw-Dieselmotor erlebt in den letzten Jahren eine Re-
naissance wegen seiner Vorteile gegenu¨ber dem Benzinmotor bezu¨glich Wirkungs-
grad, Verbrauch und Emissionen. Trotz signifikanter technischer Fortschritte
haben Dieselmotoren immer noch den Nachteil, bedeutende Konzentrationen von
Ruß und Stickoxiden zu emittieren. Um Strategien zur Vermeidung dieser Schad-
stoffe aufzuzeigen, braucht man ein tiefes Versta¨ndnis der relevanten physikali-
schen und chemischen Prozesse. Mit steigender Leistungsfa¨higkeit der Daten-
verarbeitung und sta¨ndiger Verbesserung der Modellierung wird es mo¨glich, die
wichtisten Prozesse bei der dieselmotorischen Verbrennung zu simulieren. Die
wichtigsten, durch chemische Vorga¨nge bestimmten Einzelprozesse bei der diesel-
motorischen Verbrennung sind die Selbstzu¨ndung, der chemische Umsatz und
damit die Wa¨rmefreisetzung und die Bildung von Schadstoffen, wobei Ruß und
NOx die bedeutendsten Komponenten darstellen.
In der vorliegenden Arbeit werden Modelle entwickelt, die die Voraussetzun-
gen fu¨r Verbrennungssimulationen darstellen. Dazu geho¨ren vor allem chemisch-
kinetische Reaktionsmechanismen, die in Verbindung mit Verbrennungsmodellen
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und Computerprogrammen zur numerischen Stro¨mungsmechanik die Simulation
technischer Verbrennungsvorga¨nge ermo¨glichen. Ausgehend von einfachen Kon-
figurationen null- und eindimensionaler Flammen und verfu¨gbarer Experimente
werden Mechanismen aufgebaut und validiert, die vor allem fu¨r die motorische
Verbrennung relevant sind. Besonders Augenmerk wird auf die Beschreibung und
Modellierung von Zu¨ndvorga¨nge sowie als auch die Beschreibung der Stickoxidbil-
dung und -reduzierung gelegt. Die entwickelten Mechanismen werden u¨ber einen
weiten Parameterbereich analysiert und wichtige Reaktionspfade ermittelt.
Nach einer Einleitung in die Thematik, stellt Kapitel 2 die Erhaltungsgle-
ichungen fu¨r alle verwendeten eindimensionalen Flammenkonfigurationen vor.
Das Flamelet Model wird vorgestellt und das RIF-Konzept (Repra¨sentatives
Interaktives Flamelet) erla¨utert.
Das dritte Kapitel bescha¨ftigt sich mit der Entwicklung von Reaktionsmechanis-
men fu¨r n-Heptan, n-Dekan, Toluol, und 1,2,4-Trimethylbenzol. Durch Verglei-
ch mit experimentellen Ergebnissen aus laminaren Flammen und Ru¨hrreaktoren
werden die Mechanismen analysiert und im begrenzten Bereich validiert.
In einer Gegenstromanordnung sind Selbstzu¨ndversuche durchgefu¨hrt worden.
Die dadurch erfaßten experimentellen Ergebnisse werden im Vergleich mit
Simulationsergebnisse dargestellt.
Im vierten Kapitel werden verschiedene Methoden zur Reduzierung von chemi-
schen Mechanismen vorgestellt und Ergebnisse pra¨sentiert, die mit der Hilfe von
Computational Singular Perturbation (CSP) gewonnen wurden.
Das fu¨nfte Kapitel beschreibt ein neues Verbrennungskonzept, das so gennante
Homogeneous Charge Compression Ignition (HCCI) Konzept. Es wird sowohl
mit Hilfe einfacher Modellen als auch mit Hilfe des RIF-Modells analysiert und
die Vorteile bezu¨glich Ruß und NOx Emissionen gegenu¨ber dem Dieselmotor
vorgestellt.
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Chapter 1
Introduction
Flames and fires have played a very intimate role in man’s life since ages unknown.
Our civilization is bred on combustion of fuel for useful heat. Power production
by coal and oil burning power plants is yet a predominant feature of our society
and seems like we ought to learn efficient ways of this production. Pyrometallurgy
is the back-bone of our industrial development. Internal combustion engines con-
stitute a large and integral fraction of our economy. Of course, there are many
unwanted effects of combustion. Motor vehicles -cars, trucks, and busses- are a
major source of air pollution. For more than 35 years we have been both learning
about the problem and attempting to control vehicle emissions.
In the 1950s through studies in Los Angeles, it became clear that emissions from
automobiles were a major contributor to urban air pollution. This smog, formed
in the atmosphere as a result of complex photochemistry between hydrocarbons
-often called volatile organic compounds (HC or VOC), and oxides of nitrogen
(NOx)- on warm spring, summer and fall days, results in high ambient levels of
ozone and other oxidants. In addition, automobiles are the dominant source of
carbon monoxide (CO). It is not just cars: Light trucks, heavy trucks, and off-
road vehicles also contribute significantly. So do stationary combustion systems.
Even natural (i.e biogenic) hydrocarbon emissions are important.
Starting in the late 1960s, vehicle emissions in the developed world have been
regulated with increasing strictness. More recently, the fuels that the spark igni-
tion and diesel engines in these vehicles use (i.e., gasoline/petrol and diesel) have
been or are about to be subject to more stringent constraints with the intent of
further reducing emissions. It is, therefore, not surprising that combustion has
long been the object of scientific study.
There is an intrinsic and continuing interest in being able to explain the rich
variety of phenomena, such as flames, explosions, detonations and cool-flames,
which can occur during combustion and oxidation, depending on the temper-
ature, density and the chemical nature of the hydrocarbon. Since the 1930s it
has been recognized that the chemical changes in combustion and oxidation are
1
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Figure 1.1: Regimes of hydrocarbon oxidation chemistry as delineated by the
main kinetic chain-branching processes, taken from Ref. [1]
caused very largely by reactions of free radicals. These are not present in the
reactants (fuel and oxidant), and their supply largely governs the rate of com-
bustion processes. The rate of generation of radicals is controlled by chemical
kinetics and, consequently, varies much more between fuels of differing structure.
The oxidation can proceed in a controlled manner in a slow reaction or through a
rapid (exponential) increase in rate which leads to an explosion or ignition. The
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inrease in rate can occur through multiplication of the number of radicals through
chain branching in elementary chemical reactions. Because the oxidation chem-
istry is invariably exothermic and the rate of reaction increases with temperature
there is also the possibility of a runaway increase in reaction rate - a thermal
explosion. Usually an explosion involves a mixture of the two mechanisms and is
referred to as thermo-kinetic. Although the rates of most reactions increase with
temperature, there are conditions in the oxidation of alkanes ( and some other
classes of organic compounds) where the rate decreases with temperature. This
negative temperature region is responsible for the phenomenon of cool-flames. A
cool-flame occurs essentially because the temperature rise associated with it takes
the system from a region where the rate is increasing exponentially to one where,
because of the negative temperature coefficient, the chemistry is slower and only
a steady reaction is possible. Multiple cool-flames occur because heat losses cause
the system to cool back into the accelerating region. Two-stage ignition is when
a cool-flame is followed by a true ignition where the temperature rises to above
1400 K and flame chemistry can take over. The study of the products of an ox-
idation and how these depend on the conditions of temperature, concentration,
etc., is a long-standing method of elucidating the chemistry.
The key physical processes occurring in combustion engines comprise two phase
flows, hydrodynamic turbulence and mixing, and chemical reactions. All the mod-
els of these processes are subject to ongoing research and due to the complexity
of these processes none of the models is truly predictive. A detailed description
of all the models involved in the simulations is beyond the scope of this study.
A review of spray models is given by Faeth [3] and Wan [4], and an extensive
discussion of fluid turbulence is given by McComb [5]. A general overview over
turbulent combustion is provided by Peters [6].
High linear alkanes and aromatics represent the most important classes of the
constituents of real fuels. However, the oxidation of these hydrocarbons is an
important element in modeling combustion in automobile engines, including au-
toignition, flame propagation, and pollutant emissions. The introduction of de-
tailed chemical reaction mechanisms into complex multi-dimensional fluid dy-
namics problems for higher hydrocarbon fuels is done in Diesel combustion sim-
ulations [65]. There, chemical reaction mechanisms have been used to address
specific issues related to autoignition, combustion and pollutant formation. In
order to make the computational time more attractable the deatiled chemical
mechanisms have to be reduced.
The easiest way to reduce the reaction system is the elimination of less im-
portant species and reactions, by which the reaction path is hardly influenced.
The gain of this elimination, however, is limited. To reduce the number of vari-
ables further, other reduction methods have to be used. The computational effort
can be reduced further by splitting the reaction mechanism into two groups of
species. One part of the reaction mechanism is solved together with the flow
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equations. The second part can be treated in a variety of ways. In fact, splitting
the reaction mechanism and decoupling of one part, is the basis of all subsequent
reduction techniques. The differences between the various approaches are found
in the method to separate the reaction mechanism. It is clear that the compu-
tational effort depends on the number of species which are solved together with
the flow equations and on the computational effort necessary to solve the second
group of species. As the original set of differential equations is stiff, the best way
to reduce the reaction mechanism is to remove part of the stiffnes. This, how-
ever, implies a modification of the equations. To remove fast time scale processes
and therefore also to reduce the stiffnes of the equations, we have to study the
reaction system in more detail. The stiffnes of a chemical reaction system finds
its origin in the wide range of time scales of the system. In a chemical reacting
system many species and reactions are involved and the reaction rates may differ
several orders of magnitude. The progress of a combustion processes is deter-
mined by indispensable slow reactions. If the time scales of the chemical source
term are compared with the range of physical time scales, observed in real com-
bustion processes, it is seen that the range of physical time scales associated with
convection and diffusion processes is much smaller than the range of chemical
time scales. The chemical source term contains some fast time scale processes,
whereas in practice the entire reaction process is much slower. This means that
reactions correspond to small time scales will be in partial-equilibrium soon after
initiation and will remain in partial-equilibrium during the subsequent combus-
tion process. This implies that movements in certain directions in reaction space
are more or less frozen. As soon as the fastest reaction groups are relaxed to-
wards a steady-state situation, the combustion process will effectively take place
in a low-dimensional manifold. If we could describle this manifold, a reduced
model of the chemical system could be associated with movements on this man-
ifold. This model describes the evolution corresponding to relatively large time
scales, while processes associated with small time scales are assumed to be in
steady-state. As this manifold is a subspace of the reaction space it can be de-
scribed by a reduced number of variables. The key problem of reducing reaction
mechanisms is to identify the fast and slow processes. Several approaches will be
considered in the next subsections. First, Conventional Reduction Methods, as
introduced by Peters et al. [139] to reduce a reaction system will be considered.
These methods are based on partial-equilibrium assumptions for some reactions
and steady-state assumptions for some intermediate species. Recently developed
methods, like ILDM [145–148] and CSP [140–144], are dealing with the reduction
of complex reaction schemes and are based on the separation of the time scales of
the source term. These methods can predict in which direction the source term
vector will reach a steady-state rapidly. The CSP method, developed by Lam and
Goussis [140–144] separates the chemical source term in fast and slow reaction
groups and assumes reaction groups in steady-state. The decoupling in fast and
slow reaction groups is obtained by using an eigenvector analysis of the Jacobian
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matrix of the source term.
A major objective of this work has been to develop kinetic mechanisms for model
fuels in order to simulate the complex physico-chemical interactions in practical
combustion systems. The mechanisms after they have been assembled , have to
be validated against a wide range of combustion regimes. The latter include lam-
inar premixed and diffusion flames as well plug flow reactors and shock tubes.
In chapter 2 the mathematical model for simulating the above configurations are
presented. Then the laminar flamelets are introduced and the RIF concept is
described, which is used in chapter 5 for simulating more realistic combustion
phenomena in a HCCI engine.
The objective of chapter 3 is to describe the phenomenology of autoignition of
higher hydrocarbons and to present the reaction mechanisms of aliphatic and
aromatic compounds as well as blends of them as the 60%-40% wt mixture of n-
decane and 1,2,4 Trimethylbenzene [113], [114, 115] which has been proposed as
model fuel for kerosene. The latter is treated in section 3.9 where the mechanism
for this blend is validated against experimental data provided by C. Kortschik
[131].
In chapter 4 different methods for reducing chemical mechanisms are briefly
described. Then an algorithm [158] based on the CSP (Computational Singular
Perturbation) method [140] is used to derive a reduced mechanism for n-heptane
which is used for the simulation of an HCCI engine in chapter 5.
Chapter 2
Mathematical Models
2.1 Governing Equations for Reacting Flows
The basic equations for calculating combustion processes in the gas phase are
the equations of continuum mechanics. A derivation of these equations is given
by Bird et al. [18]. They include in addition to balance equations for mass and
momentum those for the enthalpy and chemical species (Williams [19]). For non-
constant density flow these equations are given in conservative form
∂ρ
∂t
+∇ · (ρv) = 0 (2.1)
∂ρv
∂t
+∇ · (ρvv) = −∇p +∇ · τ + ρg (2.2)
The continuity equation (2.1) and the momemtum equations (2.2) are commonly
referred to as the ’Navier-Stokes’ equations. In Eqs. (2.1) and (2.2) denote ρ the
density, v the velocity vector, and p the pressure. The Newtonian viscous stress
tensor τ is defined by
τ =
[
2µS − (2
3
µ− κ)∇ · vE
]
, (2.3)
where E is the identity matrix and
S =
1
2
[∇v + (∇v)T ] . (2.4)
Here µ denotes the dynamic viscosity which is related to the kinematic viscosity
by µ = ρν. The bulk viscosity κ is small compared to the dynamic viscosity and
6
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is therefore usually neglected. The term ρg in Eq. (2.2) accounts for buoyancy
effects.
The conservation equation for mass fraction Yi of chemical species i is given by
∂ρYi
∂t
+∇ · (ρvYi) = −∇ · ji + ωi , i = 1, 2, . . . , ns , (2.5)
where ns represents the total number of species. The molecular diffusion flux is
denoted by ji, and ωi is the chemical source term. The molecular diffusion flux
is formally defined as
ji = ρ(vi − v) , (2.6)
where vi is the mass average velocity of species i. Principally a transport equa-
tion for vi can be derived (Williams [19]). But the additional effort of solving these
equations is not desirable, especially in turbulent flows, where the molecular diffu-
sion flux is usually negligible compared to the turbulent transport. Therefore it is
useful to consider simplified versions of the diffusive fluxes. The most elementary
is the binary flux approximation (Fick’s first law of binary diffusion)
ji = −ρDi∇Yi , (2.7)
where Di is the binary diffusion coefficient of species i with respect to an abun-
dant species, for instance N2.
The conservation equation for enthalpy is
∂(ρh)
∂t
+∇ · (ρvh) = Dp
Dt
−∇ · jq + q˙r. (2.8)
Here h is the mass weighted sum of the specific enthalpies hi of species i
h =
ns∑
i=1
Yihi (2.9)
and
hi = ∆h
0
f,i +
T∫
T 0
cpi dT (2.10)
contains the thermal enthalpy and the heat of formation ∆h0f,i with respect
to the reference temperature T 0. The heat flux vector jq accounts for thermal
diffusion by temperature gradients and enthalpy transport by species diffusion
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jq = −λ∇T +
ns∑
i=1
hiji , (2.11)
where λ is the thermal conductivity. The last term q˙r in Eq. (2.8) represents
radiative heat loss. An alternative formulation of the enthalpy conservation equa-
tion is the temperature equation
∂(ρT )
∂t
+∇ · (ρvT ) = ∇( λ
cp
∇T ) + ρ λ
c2p
[
ns∑
i=1
cpi
Lei
∇Yi +∇cp
]
∇T
− 1
cp
[
ns∑
i
ωihi − Dp
Dt
− q˙r
]
, (2.12)
The system of equations is closed by the equation of state for a mixture of ideal
gases
p
ρ
= Rgas
ns∑
i=1
Yi
Wi
T , (2.13)
where Rgas is the universal gas constant and Wi denotes the molecular weight of
species i.
2.2 Premixed Flames
For simulating the structure of premixed laminar flames the FlameMaster code
[81] has been used. The results for the freely propagating laminar premixed flame
e.g. shown in Fig. 3.23 were obtained by solving the following equations:
Mass equation:
d(ρu)
dx
= 0 (2.14)
Species conservation equation:
ρu
dYk
dx
+
d
dx
(ρYkVk)− wkWk = 0, k = 1, 2, ..., K (2.15)
Energy equation:
cpρu
dT
dx
− d
dx
(λ
dT
dx
) +
K∑
k=1
ρYkVkcpk
dT
dx
+
K∑
k=1
wkhkWk = 0 (2.16)
(2.17)
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Equation of state:
ρ =
pW
RT
(2.18)
Boundary conditions:
• x = 0 T (0) = T0
k(0) = Yk0, k = 1, 2, ..., K
• x = L dT
dx
(L) = 0
dYk
dx
(L) = 0, k = 1, 2, ..., K
where the massflux k of species k is defined as:
k = Yk +
ρYkVk
ρu
In these equations x denotes the spatial coordinate; ρ the density; u the axial
velocity; Yk the mass fraction of the kth species; Vk the diffusion velocity of the
kth species; ωk molar production rate per unit volume by chemical reaction of
the kth species; Wk molecular weight of the kth species; cpk the heat capacity at
constant pressure of the kth species; hk the specific enthalpy of the kth species;
cp, the heat capacity at constant pressure of the mixture; p the pressure; W the
mean molecular weight of the mixture; R the universal gas constant; λ the thermal
conductivity of the mixture. The diffusion velocity is
Vk = −Dk
Xk
∂Xk
∂x
− D
T
k
ρYk
1
T
∂T
∂x
+ Vc
where Xk are the mole fractions, D
T
k are the thermal diffusion coefficients and Dk
are the mixture weighted diffusion coefficients which can be calculated from the
binary diffusion coefficients Dk,l
Dk =
1− Yk
ns∑
l=1,K 6=k
Xl
Dk,l
The correction velocity Vc, which is independent of species but a function of the
distance x, is included to ensure that the mass fractions sum to unity. This is
equivalent to
K∑
1
VkYk = 0
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which is the equation to be used for calculating Vc. The numerical solution pro-
ceeds by making finite difference approximations to reduce the above boundary
value problem to a system of algebraic equations. The latter has been solved by
the damped modified Newton algorithm.
For simulating a premixed flame stabilized on a burner the experimental temper-
ature profile was introduced as input data in the simulation code. This procedure
precludes the solving of the energy equation and takes into account heat losses
to the burner.
2.3 Stationary Diffusion flames - Eigenvalue
Formulation
The counterflow geometry is very often used in experimentall and numerical stud-
ies of diffusion flames because it leads to an essntially one dimensional diffusion
flame structure. Fig 2.1 shows a flame that has been established between an
oxidizer stream from above and a gaseous fuel stream from below.
We consider a steady two dimensional counterflow configuration. For constant
density flow exists an exact solution of the Navier-Stokes equations in terms of a
similarity coordinate, which results in a set of one dimensional equations. This can
be extended to non-constant density conditions (cf. Peters and Kee [152]. Here
we will not introduce a similarity coordinate, but use the y-coordinate directly.
We introduce the ansatz u = Ux to obtain the following governing equations
Continuity
∂(ρv)
∂y
+ (j + 1)ρU = 0
Momentum
ρv
dU
dy
= −ρU2 + P + d
dy
(
µ
dU
dy
)
= 0
Mixture fraction
ρv
dZ
dy
=
d
dy
(
ρD
dZ
dy
)
Reactive scalars
ρv
dψi
dy
=
d
dy
(
ρDi
dψi
dy
)
+ ωi
Here j = 0 applies for the planar and j = 1 for axially-symmetric configuation.
The velocity in y-direction is denoted by v and the gradient of the velocity u in
x-direction by U. The parameter P represents the axial pressure gradient and is
related to the strain rate Axial pressure gradient P = ρ∞ a2
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stagnation
plane
nozzle
nozzle
oxidizer
flame
gaseous
fuel
y
x
Figure 2.1: A schematic illustration of the experimental configuration for coun-
terflow diffusion flames for gaseous fuels.
• Boundary conditions
• y = 0
V = Vleft,
G = 0,
Yk = Yk,left,
T = Tleft
• y = L
V = Vright,
G = 0,
Yk = Yk,right,
T = Tright
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2.4 Instationary Diffusion flames - Eigenvalue
Formulation
Mathematical model
Continuity
dρ
dt
+
dV
dy
+ 2ρG = 0 (2.19)
radial momentum
ρ
dG
dt
+ V
dG
dy
+ ρG2 + P
′ − d
dy
(µ
dG
dy
) = 0 (2.20)
reactive scalars
ρ
dYk
dt
+ V
dYk
dy
+
d
dy
(ρYkVky)− wkWk = 0 (2.21)
energy
ρcp
dT
dt
+cpV
dT
dy
− d
dy
(λ
dT
dy
)+
N∑
k=1
ρYkVkycpk
dT
dy
+
N∑
k=1
wkhkWk+
N∑
k=1
qR = 0 (2.22)
dP
′
dy
= 0 (2.23)
u = Gx, V = ρv, P
′
= Eigenvalue
• Boundary conditions
• y = 0
V = Vleft,
G = 0,
Yk = Yk,left,
T = Tleft
• y = L
V = Vright,
G = 0,
Yk = Yk,right,
T = Tright
P
′
= (µ
dG
dy
∣∣∣∣L
0
− 3
∫ l
0
ρG2)
1
L
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From the mixture fraction equation one can calculate the scalar dissipation rate
as a function of Z
χ(Z) =
a(j + 1)
pi
exp(−2 [erfc−1(2Z)]2) .
2.5 Sensitivity Analysis
Sensitivity analysis investigates the output of models as a function of input pa-
rameters. For a system of ordinary differential equations of the general form
dy
dt
= F (y, t; a) (2.24)
where, in our case, y = (Y1, Y2, ..., Yk, T )
T is the vector of mass fractions and
temperature, the following set of differential equations can be obtained by differ-
entiating Eq.2.24 with respect to the parameters a
∂
∂t
∂y
∂a
=
∂F
∂y
∂y
∂a
+
∂F
∂a
(2.25)
Equation 2.25 is linear in the sensitivity coefficients, even if the model problem
is nonlinear. The Eqs 2.25 are added to the model Eq. 2.24 and are numerically
solved by an integrator like DASSL. The solution of Eq. 2.25 supplies the sen-
sitivities of each state variable yi to each parameter aj as a function of time t.
Sensitivities for the ignition delay time can be obtained from the definition of the
ignition delay time, as the time where the temperature reaches a certain level T ∗,
in our calculations 1500 K
T (τ ; a)− T ∗ = 0 (2.26)
Implicit differentiation of this equation gives the desired sensitivity of the ignition
delay time:
∂τ
∂aj
= −
(
∂T
∂aj
∣∣∣∣∣
t=τ
)/(
∂T
∂t
∣∣∣∣∣
t=τ
)
(2.27)
The sensitivities of the temperature, ∂T
∂aj
were calculated from Eq. 2.25 and eval-
uated at t = τ , as well as the source term of the energy equation ∂T
∂t
.
2.6 Laminar Flamelets
The concept of laminar flamelets in turbulent combustion is based on the as-
sumption that the reaction zone is a thin layer which is smaller than the smallest
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turbulent scale, the Kolmogorov scale. Then the turbulent eddies can stretch the
reaction zone but cannot intrude into the reaction zone. Hence, the laminar struc-
ture is preserved. The concept to view a turbulent diffusion flame as an ensemble
of stretched laminar flames was introduced by Williams [20].
Burke and Schumann [21] already realized that the structure of diffusion flames
can be approximated by thin reacting layers separating broad inert diffusion
zones. They introduced the so called coupling functions that represent linear
combinations of dependent variables and are conserved scalars. Lin˜a´n [22] derived
conservation equations without convection terms for temperature and chemical
species by introducing adequate coupling functions and expressing temperature
and chemical species as functions of the coupling function. Bilger [23] used a gen-
eral form of coupling functions. For a system with two inlet streams he defined
this general form of coupling functions by normalization onto the values of the
inlet streams
Z =
β − β2
β1 − β2 , (2.28)
where β represents an arbitrary coupling function. This quantity is called the
mixture fraction. The mixture fraction is a conserved scalar which independently
from the actual composition of the inlet streams will be Z = 1 in stream 1 and
Z = 0 in stream 2.
Before the mixture fraction can be defined corresponding to Eq. (2.28) an ade-
quate coupling function has to be identified. Chemical species are consumed and
produced, whereas chemical elements are unaffected by chemical reactions. For
the mass fraction of chemical element j given by
Zj =
ns∑
i=1
aijWj
Wi
Yi (2.29)
a conservation equation without chemical source term can be derived using
Eq. (2.5). W denotes molar mass and aij is the number of atoms of element
j in a molecule of species i. Introduction of the definition of the operator L
L = ρ ∂
∂t
+ ρv · ∇ −∇ (ρDZ∇) (2.30)
then yields
L (Zj) = −∇
(
ns∑
j
aijWj
Wi
(ρDZ∇Yi + ji)
)
+
ns∑
i
aijWj
Wi
ωi . (2.31)
The last term on the rhs represents the chemical production rate of element j.
It is equal to zero, since chemical elements are neither produced nor consumed
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by chemical reactions among chemical species. If the molecular diffusion j i is
given by Eq. (2.7) Fick’s first law of binary diffusion and the diffusivities of the
chemical species are all equal to DZ, then the first term on the rhs of Eq. (2.31)
also cancels and
L (Zj) = 0 (2.32)
results.
For a global reaction among the chemical elements C, H, and O with reaction
rate ω
νCC + νHH + νOO −→ P, (2.33)
where νj is the number of atoms of element j present in the mixture, a coupling
function can be derived by applying Eq. (2.31) to each element j.
L (Zj) = −νjWj ω . (2.34)
When L (ZC) and L (ZH) are added and the chemical source term is eliminated
using L (ZO)
L (β) ≡ L
(
ZC
νCWC
+
ZH
νHWH
− 2 ZO
νOWO
)
= 0 (2.35)
is obtained. Inserting the coupling function β into Eq. (2.28)
Z =
ZC/(νCWC) + ZH/(νHWH) + 2(ZO,2 − ZO)/(νOWO)
ZC,1/(νCWC) + ZH,1/(νHWH) + 2ZO,2/(νOWO)
(2.36)
yields the mixture fraction Z. Here the fuel stream is denoted with index 1
and the oxidizer stream with index 2. For the transport equation of the mixture
fraction follows under the assumption of equal diffusivities of all components
L (Z) = 0 . (2.37)
From Eq. (2.36) the stoichiometric mixture fraction is obtained as
Zst =
2ZO,2/(νOWO)
ZC,1/(νCWC) + ZH,1/(νHWH) + 2ZO,2/(νOWO)
. (2.38)
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2.6.1 Flamelet Equations - Flamelet Parameters
The laminar flamelet equations based on the mixture fraction as independent
variable for steady state formulation have been derived independently by Peters
1980 [24] and Kuznetsov 1982 [25], the unsteady formulation has been given
by Peters 1984 [26] and reviewed 1986 [27]. This derivation is based on a local
coordinate transformation and boundary layer arguments.
Inserting the operator L given by Eq. (2.30), and the mixture fraction Z into
Eq. (2.37) a field equation can be formulated that defines the location of the
reaction layer
ρ
∂Z
∂t
+ ρv · ∇Z −∇ (ρDZ∇Z) = 0 . (2.39)
This location is given on the isosurface, where the mixture fraction is stoichio-
metric Z(x, t) = Zst. A coordinate system is introduced, where one coordinate
x1, which is to be replaced by the new coordinate Z, is locally normal to the
isosurface of stoichiometric mixture fraction, whereas the other two x2 and x3
coordinates are tangential to this isosurface. Using Z2 = x2, Z3 = x3, and τ = t
as the other independent variables the transformation rules are given as
∂
∂t
=
∂
∂τ
+
∂Z
∂t
∂
∂Z
∂
∂x1
=
∂Z
∂x1
∂
∂Z
∂
∂xβ
=
∂
∂Zβ
+
∂Z
∂xβ
∂
∂Z
, β = 2, 3 .
(2.40)
Application of these transformation rules to Eqs. (2.5) and (2.12) and an asymp-
totic analysis of the resulting equations, where only leading order terms are re-
tained, yields the flamelet equations for temperature
ρ
∂T
∂t
− ρχ
2
∂2T
∂Z2
− ρ χ
2cp
[
ns∑
i
cpi
Lei
∂Yi
∂Z
+
∂cp
∂Z
]
∂T
∂Z
+
1
cp
[
ns∑
i
m˙ihi − ∂p
∂t
− q˙r
]
= 0, (2.41)
and species conservation
ρ
∂Yi
∂t
− ρ χ
2Lei
∂2Yi
∂Z2
− ωi = 0 . (2.42)
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In these equations ns denotes the number of chemical species, cpi, ωi, hi, q˙r,
Lei are the heat capacities at constant pressure, the chemical production rates,
the enthalpies of the chemical species i, the radiative heat loss, and the Lewis
number of species i, respectively. The chemical source term ωi in Eq. (2.42) and
the radiative heat loss term q˙r in Eq. (2.41) are described in section 2.6.1. The
Lewis numbers Lei in Eqs. (2.41) and (2.42) have formally to be unity for the
above given derivation. Furthermore, if a simple diffusion model like the binary
diffusion model is used, the requirement that the sum of the diffusive fluxes adds
to zero is violated. Pitsch et al. [28] have derived flamelet equations that account
for differential diffusion and use a more accurate model for the diffusion fluxes
which ensures that the requirement formulated above is fulfilled. These flamelet
equations show their strongest effect for laminar hydrogen flames, because of the
large deviation from unity of the Lewis number of hydrogen. For hydrocarbon
fuels these effects are not as strong. In addition, in turbulent applications the
high accuracy achieved with this flamelet equations and the accurate diffusion
model appears to be out of proportion given the fact that the scalar dissipation
rate has to be modeled as will be discussed below.
Another more general derivation of the flamelet equations is given by Peters
(2000) [6]. This derivation is based on a two scale asymptotic expansion similar
to that used by Keller and Peters [29]. The non-reactive scalar fields outside of
the instantaneous reactive-diffusive structure is analyzed by considering filtered
fields of the reactive scalars and the mixture fraction. Introducing the normalized
thickness of the diffusive layers in the vicinity of the flame surface as a small pa-
rameter in an asymptotic formulation, the filtered reactive scalars are then related
to the filtered mixture fraction by a similar equation as in the flamelet equations,
except that the chemical source term is missing. The one-dimensional equations
for the non-reactive outer fields can be matched to the flamelet equations valid
in the thin layer. This leads to one-dimensional equations in terms of Z in the
entire domain.
Characteristic for Eqs.(2.41),(2.42) is that the convective terms have disappeared
after the transformation into mixture fraction space. Since all scalars are con-
vected with the same velocity in physical space no relative convective velocities
exist between the mixture fraction and the other scalars such as species mass
fractions or temperature.
The coupling of the equations in mixture fraction space to the flow field in
physical space occurs through the pressure p and a particular parameter, the
scalar dissipation rate defined by
χ = 2DZ (∇Z)2 , (2.43)
The scalar dissipation rate represents instantaneous molecular diffusion and
strain effects by the flow field [26] on the small length scales. The flamelet model
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provides information of the flame structure on the smallest scales, which was lost
by the Favre averaging. This is a great improvement compared to, for instances,
the eddy dissipation models that lack this information. The Pdf methods can be
applied in conjunction with the flamelet model. It reduces the dimensionality of
the Pdf dramatically, because only one scalar, the mixture fraction, is necessary
to describe the composition.
The parameters that have to be modeled in Eqs. (2.41) and (2.42) are the pres-
sure p, and the scalar dissipation rate χ. In most low Mach number applications
the pressure can be assumed to be spatially constant.
The Z-dependence of the scalar dissipation rate χ is taken from [26]
χ(Z) =
as
pi
exp
{−2[erfc−1(2Z)]2} = as
pi
ferfc(Z). (2.44)
Assuming that the same dependence is valid for conditional mean scalar dissipa-
tion rates and that the Pdf of χst is a Dirac delta function fχst(X) = δ(χst−X) ,
χ in Eqs. (2.41) and (2.42) can be expressed as
χ = χ˜(Z,x, t) =
χ˜st(x, t)
ferfc(Zst)
ferfc(Z) . (2.45)
The mean value of the conditional scalar dissipation rate χ˜st(x, t), conditional
at stoichiometric mixture, is obtained from
χ˜st = χ˜ferfc(Zst)/
 1∫
0
ferfc(Z)f˜Z(η)dη
 , (2.46)
where χ˜ is the sink term appearing in Eq. (2.66) which is modeled as (cf. Jones
[30])
χ˜ = cχ
ε˜
k˜
Z˜ ′′2, (2.47)
where cχ = 2.0. A surface averaged value for the scalar dissipation rate at
stoichiometric mixture for each flamelet is computed following Pitsch [31] by
converting the surface integrals into volume integrals.
Chemistry
The chemical source term is defined by the chemical elementary reactions
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ωi = Wi
nr∑
ir=1
(ν ′′i,ir − ν ′i,ir)kir
ns∏
j=1
c
ν′j,ir
j , (2.48)
where Wi is the molar mass of species i, nr is the number of elementary reactions,
ν ′i,ir, ν
′′
i,ir are the stoichiometric coefficients of species i in reaction ir, and cj is
the concentration of species j. The reaction rate kir is given in Arrhenius form
kir = AirT
nir exp
[
− Eir
RgasT
]
, (2.49)
where Rgas is the universal gas constant. The frequency factors Air, the temper-
ature exponents nir, and the activation energies Eir are given in Appendix A.
Radiation in hydrocarbon flames is mainly due to two sources:
• Radiation of gases strongly depends on the wave length. They only emit
and absorb in small ranges. H2, O2, and N2 are transmissive over the whole
spectrum, whereas CO2, H2O and hydrocarbons absorb in the infrared spec-
trum. Since hydrocarbons in most cases do not appear in high temperature
regions it is sufficient to account for radiation of CO2 and H2O.
• Another source are soot particles. Soot has not been considered in that
work.
Under the assumption of an optically thin gas the absorption can be neglected.
Then only emission has to be taken into account. Following Stefan-Boltzmann [34]
and applying Kirchhoff’s law the radiation of a gray body can be derived
q˙r = 4αpσsT
4 , (2.50)
where σs = 5.669 ∗ 10−8 W/(m2K5) is the Stefan-Boltzmann constant and αp is
Planck’s radiation coefficient defined by
αp = αp,CO2pCO2 + αp,H2OpH2O , (2.51)
with pCO2 and pH2O representing the partial pressures of CO2 and H2O. The
coefficients αp,CO2 and αp,H2O are taken from Mu¨ller [35]. The resulting heat loss
term is then given by
q˙r = 4σsT
4(αp,CO2pCO2 + αp,H2OpH2O) . (2.52)
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2.7 CFD-Code Conservation Equations
For the simulation of the turbulent reacting flow in Diesel engines a modified
version based on the KIVA-3V code was used. The solution algorithm and the
models applied in this code are described in detail by Amsden et al. [38, 39].
A brief description of the main features of the code and the modifications is
given in the following. The numerical integration (finite volume) method used
is first order in time. The spatial accuracy depends on the numerical mesh and
the discretization scheme chosen for the convection. It is only second order on
a regular cartesian mesh in combination with the quasi second order upwind
scheme.
The equations that are solved for the turbulent flow field in the original code
are the continuity equation
∂ρ¯
∂t
+∇ · (ρ¯v˜) = ˙¯ρs (2.53)
and the momentum equation
∂ρ¯v˜
∂t
+∇ · (ρ¯v˜v˜) = −∇p¯+∇ · τ˜ − 2
3
∇(ρ¯k˜) + W˙ sv . (2.54)
In Eqs. (2.53) and (2.54) ρ¯, v˜, p¯, and k˜ depict the turbulent mean density, the
Favre mean velocity vector, the mean pressure, and the turbulent kinetic energy.
The Newtonian viscous stress tensor τ˜ is defined by
τ˜ = µt
[
2S − 2
3
∇ · v˜E
]
. (2.55)
where E is the identity matrix and
S˜ =
1
2
[∇v˜ + (∇v˜)T ] . (2.56)
The turbulent viscosity is determined using a k-ε turbulence model (Launder
et al. [47]), where k represents the turbulent kinetic energy and ε the turbulence
dissipation. The modeled equations for these quantities are
∂(ρ¯k˜)
∂t
+∇ · (ρ¯v˜k˜) = ∇ ·
[
µt
Prk
∇k˜
]
− 2
3
ρ¯k˜∇ · v˜ + τ : ∇v˜ − ρ¯ε˜+ W˙ sk , (2.57)
∂(ρ¯ε˜)
∂t
+∇ · (ρ¯v˜ε˜) = ∇ ·
[
µt
Prε
∇ε˜
]
− (2
3
C1 − C3)ρ¯ε˜∇ · v˜
+
ε˜
k˜
(C1τ : ∇v˜ − C2ρ¯ε˜+ CsW˙ sk ), (2.58)
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respectively. The source terms ˙¯ρs, W˙ sv , and W˙
s
k in Eqs. (2.53), (2.54), (2.57), and
(2.58) account for the interaction with spray droplets. The model constants are
given as Cµ = 0.09, C1 = 1.44, C2 = 1.92, Prk = 1.0, Prε = 1.3, C3 = −1.0, and
Cs = 1.5.
In addition to the turbulent viscosity
µt = Cµρ¯
k˜2
ε˜
; Cµ = 0.09 , (2.59)
the integral length scale
lt = 0.37
k˜
3
2
ε˜
, (2.60)
and the turbulence intensity
v′ =
√
2
3
k˜ (2.61)
are determined by the turbulence model. At walls the logarithmic law of the wall
is applied (Launder et al. [47]).
The system of equations is closed by the ideal gas law
p¯
ρ˜
=
Rgas
W
T˜ , (2.62)
where Rgas is the universal gas constant and W denotes the molecular weight of
the gas.
The formulation of the energy equation was changed from internal energy to
enthalpy h including the chemical heat of formation of the species ∆h0f corre-
sponding to Eq. (2.10)
∂(ρ¯h˜)
∂t
+∇ · (ρ¯v˜h˜) = Dp¯
Dt
−∇ · j¯q + ρ¯ε˜+ ˙¯qr + Q˙s. (2.63)
In Eq. (2.10) and (2.63) T is the temperature, cp is the specific heat of the
mixture, ρ¯ is the mean density, h˜ and v˜ are the Favre mean enthalpy and the
velocity vector, p¯ is the mean pressure, and ε˜ is the Favre mean viscous dissipation,
the heat flux vector j¯q is the sum of the contributions from heat conduction and
enthalpy flux term. ˙¯qr represents the radiative heat loss. No chemical source term
appears directly in equation (2.63). The mean enthalpy h˜ is the sum over the
species enthalpies hi weighted by the mean mass fraction Y˜i
h˜ =
ns∑
i=1
Y˜ihi(T˜ ) . (2.64)
2 Mathematical Models 22
From this equation, which neglects fluctuations around the mean values, the
mean temperature is iteratively computed.
Substantial to the flamelet approach is the assumption that the species mass
fractions can be expressed as a function of a conserved, normalized scalar, the
mixture fraction Z. In order to determine the shape of the presumed Pdf two
equations for the mean mixture fraction Z˜ and its variance Z˜”2 are solved:
∂(ρ¯Z˜)
∂t
+∇ · (ρ¯v˜Z˜) = ∇ ·
[
µt
Sc  
Z
∇Z˜
]
+ ρ˙s (2.65)
∂(ρ¯Z˜”2)
∂t
+∇ · (ρ¯v˜Z˜”2) = ∇ ·
[
µt
Sc 
Z”2
∇Z˜”2
]
+
2µt
Sc 
Z”2
(∇Z˜)2 − ρ¯χ˜ . (2.66)
In equations (2.63),(2.65), and (2.66). Q˙s and ρ˙s represent the mean heat and
mass transfer from droplets to the gaseous phase. They are determined by the
spray model. The Schmidt numbers ScZ˜ and Sc

Z”2
are assumed constant. For the
present study a value of 0.9 was taken for both. The source term in Eq. (2.66)
accounting for mass transfer from the droplets was neglected. According to Gill
et al. [45] it contributes by only 5%.
Once equations (2.65), and (2.66) are solved in the CFD-code the mean species
mass fractions can be computed from
Y˜i(x, t) =
1∫
0
f˜Z(Z; x, t)Yi(Z)dZ , (2.67)
where the presumed β-Pdf f˜Z(Z; x, t) is determined by the β-function [46]
P˜ (Z) = Zα−1 (1− Z)β−1 Γ(γ)
Γ(α)Γ(β)
(2.68)
=
Zα−1 (1− Z)β−1
1∫
0
Zα−1 (1− Z)β−1 dZ
(2.69)
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CFD
Code
Flamelet
Code
χ˜st, p
Yi(Z)
T˜ (~x) H˜t(~x) =
∑
hiY˜i(~x)
Z˜(~x) (~x),Z˜′′2
H˜t(~x)
˜
Y˜i(~x, t) =
1∫
0
f˜Z(η; ~x, t)Yi(η; t)dη
Figure 2.2: Code structure of Representative Interactive Flamelet concept
and
γ =
Z˜
(
1− Z˜
)
Z˜ ′′2
− 1 (2.70)
α = Z˜γ (2.71)
β =
(
1− Z˜
)
γ . (2.72)
The β-Pdf is a good approximation for jet diffusion flames [30]. The shape of
this Pdf is solely determined by the Favre mean values of the mixture fraction
and its variance.
The mass fractions Yi(Z, t) are provided by the flamelet code as will be discussed
below.
2.7.1 RIF Concept
The coupling between the flow and mixture fraction fields and the flamelets is
performed using the ‘Representative Interactive Flamelet’ (RIF) concept. The
interaction between the CFD-code and the flamelet code is shown schematically
in Fig. 2.2. In the CFD-code the equations for the flow, turbulence, the enthalpy,
the mixture fraction and its variance are solved. The flamelet parameters χ˜st, p˜
are extracted from the current solution in the turbulent flow and mixture field
and are passed to the flamelet code. During one time step of the CFD-code the
flamelet code solves the unsteady flamelet equations with time steps that can
be much smaller. In this way also the time scales of the fluid dynamics and the
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chemistry are decoupled. Vice versa the flamelet code calculates the species mass
fractions Yi(Z) from which the mean values are computed using Eq (2.67). The
mean temperature is calculated using Eq. (2.64) with the local mean enthalpy h˜
taken from the solution of Eq. (2.63) and is finally passed to the CFD-code.
Chapter 3
Hydrocarbon Oxidation and
Autoignition
3.1 Autoignition Phenomena
3.1.1 Characteristics of Autoignition
The very rich variety of non-isothermal phenomena that accompany the low tem-
perature oxidation of many compounds provides a rigorous foundation against
which a kinetic model may be tested qualitatively as well as quantitatively in
certain circumstances. The main features are the oscilatory cool flames, single,
two-stage and multiple-stage ignitions, the form and location of the ignition
boundaries in the pressure-temperature (p-Ta) ignition diagram and the exis-
tence of an overall negative temperature dependence of reaction rate in a certain
temperature range.
Three forms of the p-Ta ignition diagram that are encountered in combustion
systems are shown in Fig. 3.1. Diagrams of these types summarize the conditions
at which different modes of behaviour are observed when a particular reactant
mixture is introduced to a uniformly heated vessel (wall temperature Ta) at
a specified pressure (p). The existence of clearly defined boundaries signifies a
‘parametric sensitivity’ to the experimental conditions, that is, the conditions at
which a critical transition occurs from one mode of behaviour to another. The
qualitative representations in Fig. 3.1 are appropriate to both closed and flow
reactors [48].
Although there may be qualitative resemblances in the ignition diagram to
the distinctions in behaviour that are observed in other experimental systems,
e.g. a minimum shocked gas or compressed gas temperature for autoignition, as
may be observed in shock tubes or rapid compression machines, the nature of
the criticality is not identical. A critical control temperature (Ta) should not
25
3 Hydrocarbon Oxidation and Autoignition 26
(c)(b)(a)
p
Ta T Ta a
p p
Ignition Ignition
A
B
C
D
E
GF
Ignition
Figure 3.1: Pressure-temperature diagrams representing the boundaries for the
spontaneous ignition of gases when reaction occurs as a result of (a) thermal
feedback alone, (b) chain branching-thermal interactions of the kind involved in
hydrogen oxidation, (c) chain branching-thermal interactions of the kind involved
in alkane oxidation. taken from [48]
be confused with a critical initial temperature (Ti). Consequently, the different
types of experiments constitute two independent sources of data from which the
quality of a kinetic model may be tested.
The three types of ignition diagram shown in Fig. 3.1 represent the typical
behaviour (a) as a result of thermal ignition [54] (b) in chain branching reactions,
typified by the oxidation of hydrogen and of carbon monoxide [50, 55, 56], (c)
chain-thermal interactions in which an overall negative temperature coefficient
of reaction rate occurs, as is most familiar in alkane oxidation.Thermal ignition
involves chemistry without chain branching and represents systems in which
thermal feedback occurs.
The major distinction in the origins of the ignition diagram in Fig.3.1b, which
represents the behaviour of some chain branching reactions, is that the reaction
could remain isothermal in all subcritical conditions. Since the commonly
encountered branching chain reactions are also exothermic, there may be an
accompanying temperature change in practice, but it is not a prerequisite for
criticality. As is extremely well known, the first and second ignition limit in
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hydrogen oxidation owe their existence to the relative pressure dependencies
of the chain-branching and chain-termination rates represented in the simplest
form at the first limit by the kinetic competition of H atom reactions as:
H + O2 −→ OH + O chain branching
H −→ inert at wall chain termination
and at the second limit by
H + O2 −→ OH + O chain branching
H + O2 + M −→ HO2 + M chain termination
It is the respective temperature and pressure dependencies of these pairs of
elementary reactions that determine the gradient of the first or second ignition
limit in the p-Ta ignition diagram. Neither of the terminating routes has a
significant activation energy.
3.2 Kinetic Modelling of Autoignition
3.2.1 Comprehensive Models
Comprehensive kinetic models have two primary purposes in the present context.
They constitute one important starting point of the formal mathematical meth-
ods for reduction to simplified schemes. They also may be used as analytical tools
against wich the performance of reduced models may be tested. By implication,
comprehensive or detailed models aim to include all of the important elementary
steps for a given reaction system. Their structure constitutes of high and low
temperature mechanisms.
To represent the high temperature chemistry, the initial reactions of comprehen-
sive models include the underlying kinetics familiar in the context of hydrogen
and carbon monoxide oxidation, namely radical-molecule, radical-radicaland uni-
molecular reactions involving H, O, OH, HO2, H2O2, O2, H2, H2O, CO and CO2.
There then follow the reactions involving the smaller organic molecules and rad-
icals such as HCO, CH2O, CH3, CH3O and CH4. Subsets of reactions associated
with other C1 and C2 molecules or radicals ,such as CH3OH, CH2OH, C2H2,
C2H3, C2H4, or C2H6 are included. Other species such as CH3CHO or CH3CO
may be represented. Thereafter, the structures tend to contain repetitive themes
to represent the reactions of the higher alkanes and their conjugate alkyl radicals.
In the comprehensive nature of the schemes the H-atom abstraction processes at
different sites of the alkane are recognised.
There are additional classes of reactions that play an important role at tempera-
tures below 1000 K and thus are not relevant to higher temperatures. These con-
stitute the low temperature mechanism. There are two major distinctions about
the low temperature reactions when compared with the higher temperature clas-
sifications. The degradation of the hydrocarbons (involving both abstraction and
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addition processes) tends to follow a sequential breakdown of the carbon back-
bone (such as C4 →C3 →C2 → C1 ) rather than the easy fragmentation into
smaller carbon -containing units that may occur at higher temperatures. Thus,
simplifications of the kind that are employed at higher temperatures, as a re-
sult of common structures within certain classes of reactions, are not so readily
applicable. Also the selectivity of reaction of different propagating free radicals
(especially OH, HO2, RO2 or RO) is so much more marked, and also the reactiv-
ity at particular C-H bonds of the alkane or the aromatic ring or its molecular
derivatives may differ appreciably. These kinetic aspects have an increased im-
portance at low temperatures because the relative magnitudes of rate constants
for individual reactions are so much more dependent on the activation energies
in the Arrhenius expression at lower temperatures. The main types of processes
that are important at temperatures below 1000K are discussed in more detail in
Section 3.6.
3.2.2 Reduced Models
Reduced models, deduced by systematic approximation of full schemes by means
sensitivity analysis, steady-state, and partiall equilibrium assumptions, offer some
possible mitigation of these difficulties. They have been developed widely of lam-
inar flames, and validation sought through burning velocities and compositional
profiles [139]. There have been fewer applications to autoignition, but Mller et
al. [57] have systematically reduced the n-heptane mechanism. They considered
a reaction mechanism of 1011 elementary reactions with 171 chemical species,
which was fitted by suitable adjustments of the kinetic parameters to reproduce
schock-tube measurements of autoignition delay-times. A large number of the
intermediate species were present in low concetrations and it was possible to as-
sume steady-states for these and derive systematically reduced mechanisms of
various sizes [162, 178]. Reference [57] is mainly concerned with an ad-hoc sim-
plified scheme that is described below. because they encapsulate in a fairly small
package a rational selection of what is known about the chemistry, it is likely that
there will be increasing use made of reduced schemes in the future.
3.2.3 Simplified Models
Simplified models aim to represent experimental data on chemical change in as
simple a way as possible. Purely empirical methods of fitting are possible, but
the robustness is improved considerably by incorporating some chemical con-
cepts. This minimal type of model has practical application, but it is obviously
restricted in its representation of the rich variety of autoignition phenomena.
Mathematical explanation of cool-flame oscillations and two-stage ignition be-
haviour, associated with low-temperature paraffinic chemistry, has privided the
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spur for fundamentally-based simplified model development. Griffiths [49] has
throrougly reviewed this subject and only a brief summary of some of the models
is given here.
Gray and Yang model
The origins of the subject stem from considerations of the stability of such systems
and the mathematical analysis of the differential equations that describe them. It
has developed by progressively increasing the chemical complexity of the descrip-
tions. A set of differential equations was sought, of reasonable chemical validity,
that could embrace the observed oscillations, two-stage ignitions, cool-flames, and
negative temperature coefficients. In 1969 Gray and Yang [49] formulated an ex-
tremely simplescheme which could reproduce these phenomena . Its importance
lay, not so much in its aplication to the modelling of practical systems, but in its
provision of a conceptual base for further development. It incorporated the essen-
tial features of the science, particularly thermokinetic feedback - the interaction
between a branched radical chain and the reaction-generated temperature rise.
Shell model
In 1975 Halstead et al. [49] published what has become known as the ”Shell”
model. To the same concepts of stability they introduced some important chemical
ideas, represented by generic species. The main feature is a kinetic chain involving
the radical, R. The branching step takes place by the decomposition of a branching
agent, B, which allows branching to be delayed under some circumstances. To
achieve more realistic hot ignitions, a second high-temperature chain reaction is
introduced. This utilizes a product of the low-temperature chemistry, Q, which is
more reactive than the parent fuel. The initiation reaction also plays an important
role under these conditions. The scheme is represented by:
initiation RH + O2 −→ R + HO2
propagation R −→ R + heat
formation of branching agent R −→ R + B
formation of reactive intermediate R −→ R + Q
linear termination R −→
quadratic termination R + R−→
branching B −→ R + R
high temperature chain R + Q −→ R + B
Thus, there are three intermediate species, as well as fuel, O2, and product.
Altough formulated in terms of the reactions of these generalized species, the
actual values of rate constants used were very largely empirically fitted from igni-
tion delay-times measured in a rapid compression machine [58]. Some of the rate
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parameters incorporated fuel and O2 dependencies, to reproduce those observed
experimentally. Simplified schemes share a number of other problems. The course
of hydrocarbon oxidation chemistry is governed by two main parametrs: the rad-
ical concentration and the temperature. Altough such schemes are designed to
handle the radical generation and removal, the heat generation is more difficult
when all the products are not explicitly modelled. In the Shell scheme, the heat
release arises from the main propagation reaction, which is made exothermic to
the extent of a complete oxidation to CO, CO2 and H2O. Since this is the only
source of heat, this implies that the kinetic chains are long which, in fact, is not
always the case.
Because of its large number of empirical parameters, this model can be fitted to a
variety of fuels and can reproduce the important autoignition phenomena. This is
accomplished with only a modest computational requirement and, consequently,
it has been used in a number of engine modelling studies over the past 20 years.
Its main deficiencies are the difficulty of extending it to new fuels and its still
limited representation of the real chemistry.
Cox and Cole model
In 1985 Cox and Cole [121] showed that the Shell model could be reformulated
in terms of elementary reactions of generalized species. The mechanism is a good
representation of the known fundamental chemistry and the rate constants are
fairly close to those measured or intelligently estimated, without the necessity of
empirical fuel and oxidant dependencies. There are 18 reactions and 9 intermedi-
ate species (OH, R, RO2, QOOH, OOQOOH, HO2, ROOH, H2O2 and RCHO).
The mechanism includes the significant reversibility of the R + O2 = RO2 equi-
librium, making explicit the cause of the negative temperature coefficient. It re-
tains the labile intermediate of the Shell model (identified as an aldehyde) but
one which reacts in the higher temperature part of the mechanism, mainly with
HO2, rather than with the more active radicals involved in the low-temperature
chemistry:
RCHO + HO2 −→ R + H2O2
H2O2 + M −→ OH + OH + M
HO2 + HO2 −→ H2O2 + O2
Together with the decomposition of hydrogen peroxide, this provides a banch-
ing route which initiates the true ignition rather than the cool-flame. Hydrogen
peroxide is also formed from the bimolecular reaction of HO2, but even when fol-
lowed by decomposition it is less effective at accelerating the reaction, since the
number of radicals is not increased. This outline formulation of the intermediate
chemistry was an important addition to the mechanism, but the modelling of the
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hot ignition giving larger ignition delay times than those observed experimen-
tally. The cause is not clear. The model can reproduce much of the autoignition
behaviour observed in rapid compression machines.
Mu¨ller-Peters model
Also aiming for brevity, this four-step scheme for the high-pressure autoignition
of heptane was developed for application to diesel ignition [57]. It is related to a
systematically reduced sixteen-reaction scheme, but appears to be less rigorously
derived, having, for example, adjustable rate coefficients. It uses five lumped
species: fuel, F= n-C7H16; intermediates, X= 3C2H4+CH3+ H and I = HO2RO
+ H2O; and products, P = 7CO2 +8H2O. There are essentially five reactions (one
step is reversible):
F −→ X
X + 11O2 −→ P
F + 2O2 −→ I
I + 9O2 −→ P
The first two represent the high temperature chemistry and the second two the
branch chain of the low temperature chemistry. However, the model relies on
thermal feedback mechanisms only because it does not include a switch from
radical branching to non-branching reactions as the temperature increases, which
is responsible for the negative temperature coefficient.
3.3 Basis Mechanism for C1-C2
As has been discussed above in Subsection 3.2.1 the initial reactions of compre-
hensive models include the underlying kinetics familiar in the context of hydro-
gen and carbon monoxide oxidation, namely radical-molecule, radical-radical and
unimolecular reactions, and subsequently all the reactions including the C1-C2
molecules and radicals. This set of reactions constitutes the basis on which all
subsequent mechanisms for higher hydrocarbons are based. The rates of these
reactions are well established in the literature and given with the appropriate
reerences in Table A.1. Even it should not be subject of this work to study exten-
sively the oxidation and ignition characteristics of the C1-C2 hydrocarbons, we
like to demonstrate the ability of the basis mechanism to describe this behavior in
the case of methane and finally to capture the interactions between hydrocarbons
with NOx. Fig. 3.2 shows ignition delay times of methane.
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It has been experimentally found [60–64] that NOx enhanced hydrocarbon ox-
idation. Because it is a very interesting feature in the operation of HCCI (ho-
mogeneous charge compression ignition) engines as we will see in Chapter 5, we
like to demonstrate the ability of the mechanism to capture these effects. This
ability is shown in Figs. 3.3 and 3.4 and compared with the well established GRI
mechanism.
Reaction chemistry controlling methane ignition is discernibly different from that
defining reaction in a flame front. Reactions that promote ignition are those that
lead to the build up of radical concentrations sufficient to initiate and sustain
rapid radical chain propagation and heat release. Inhibiting reactions are those
that lead to radical termination. Reactions of secondary importance are those
that convert relatively unreactive radicals, such as methyl (CH3) and hydropero-
xy (HO2), into reactive species, such as H-atoms.
Sensitivity analyses has shown that the induction period for stoichiometric mix-
tures is most sensitive to the rates of the chain branching processes
CH3 + O2 −→ CH3O + O
H + O2 −→ OH + O
The latter of these is, perhaps, the most critical reaction in the high temperature
combustion of hydrocarbons. Although the methyl oxidation step was found to
be of less importance at high temperatures (¿2000 K) and fuel rich conditions. In
addition, the reactions
CH3 + CH3(+M) ←→ C2H6(+M)
H + CH4 −→ CH3 + H2
where also shown to play an important role by inhibiting the induction process.
A surprising results of these analyses is the relatively minor roles attributed to
the initiation steps
CH4(+M) ←→ CH3 + H(+M)
CH4 + O2 −→ CH3 + HO2
HO2 concentrations grow through primary initiation but, more significantly,
through H-atom abstraction reactions with molecular oxygen. Although HO2 is
lost via a variety of paths, a reaction important to ignition at temperatures below
1500 K is
CH4 + HO2 ←→ CH3 + H2O2
which eventually leads to additional radical formation via rapid, decomposition
of the product, hydrogen peroxide. The buildup of H2O2 and its subsequent de-
composition into hydroxyl radicals is an important feature of the ignition pro-
cess. Simultaneously, formaldehyde(CH2O) concentrations increase and radical
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Figure 3.2: Ignition delay times of methane. Symbols represent measurements
from Ref. [59]
production is supplemented by its oxidation. Computed ignition delay times of
methane are plotted in Fig. 3.2 in comparisson with experimental ones.
An experimental investigation of methane oxidation has been made in an isother-
mal plug-flow reactor at 750-1250 K by Bendtsen et al. [60]. The experiments may
be treated as a series of iso-thermal plug flow reactor experiments with tempera-
ture dependent residence times. We have simulated these experiments; modeling
predictions shown as lines are compared with experimental points in figures 3.3
and 3.4. A qualitative correspondence between simulations and experiments is ob-
tained, even though some deviation is observed. In general, initiation of oxidation
was predicted to take place at temperature about 25 K below the temperature
observed and the temperature for complete oxidation was also shifted to lower
values. The overprediction of the extent of oxidation occurs not only for the major
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species, but also for the C2 hydrocarbons. We attribute this to over prediction of
the radical levels, rather than under underestimation of the CHi radical recom-
bination leading to the C2 species pool.
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Figure 3.3: Methane oxidation in plug flow reactor. Residence time was 249.6/T s.
Symbols represent measurements from Ref. [60], solid lines indicate results using
the basis mechanism presented here A.1, long-dashed dotted and dashed-dotted
lines indicate results using GRI3.0
In Fig. 3.4 the oxidation study has been conducted in the presence of NO. It is
well known that NO2 can significantly reduce ignition delay times for methane.
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NO may have a similar accelerating effect, since it has been observed to enhance
the reaction of hydrogen and higher order hydrocarbons at temperatures below
1000 K. The increase in reaction rates is generally recognized to be dependent on
temperature and NO concentration, and is due to
NO + HO2 ←→ NO2 + OH
which converts a relatively inactive radical, HO2, to an active one, OH. The NO-
related chemistry that has been used in the simulation is presented in table A.3. In
temperatures up to 1000 K and when significant concentrations of methylperoxy
radical (CH3O2) can be formed , the catalytic reaction sequence
NO + HO2 ←→ NO2 + OH
NO + HO2 ←→ NO2 + OH
significantly decreases the ignition delay times. However, as temperature increases
above 1200K, the methylperoxy radical decomposes thermally into methyl radical
and molecular oxygen to shut off the above reaction sequence.
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Figure 3.4: Methane oxidation in plug flow reactor in the presence of 205 ppm NO.
Residence time was 246.0/T s. Symbols represent measurements from Ref. [60],
solid lines indicate results using the basis mechanism presented here A.1, long-
dashed, dotted and dashed-dotted lines indicate results using GRI3.0
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3.4 NOx-Model
The NOx submechanism accounts for thermal, prompt, and nitrous oxide con-
tributions to NOx formation, and for NOx reburn by hydrocarbon radicals and
amines (NHx). The detailed NOx reaction mechanism was compiled by Bollig et
al. [78, 165, 167]. It was validated by comparison to experiments for several flame
configurations and parameter ranges. The main formation and consumption re-
actions detected by a reaction path analysis for a n-heptane diffusion flame [167]
are schematically displayed in Fig. 3.5.
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Figure 3.5: Reaction path analysis of hydrocarbon diffusion flame for p = 40bar
and χ = 1 s−1 taken from Bollig [78]
For Diesel engine combustion the thermal NO mechanism postulated by Zeldovic
[168] is the most important formation path:
O + N2 ←→ NO + N (R3.1)
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N + O2 ←→ NO + O. (R3.2)
Lavoie extended these two reactions by a third:
N + OH←→ NO + H. (R3.3)
This so called extended Zel’dovic mechanism shows a strong temperature depen-
dence due to the high activation energy of reaction R3.1. Under Diesel engine
conditions it is the dominating formation path for NOx. It exceeds the formation
by the other paths (prompt NO, nitrous NO, reburn, and De-NOx) by an order
of magnitude. With increasing exhaust gas recirculation rate, the contribution of
prompt NO increases, but the thermal mechanism remains dominant.
The prompt NO or Fenimore [169] path is initiated due to the attack of hydro-
carbon radicals, of which CH is the most effective:
CH + N2 ←→ HCN + N. (R3.4)
Then HCN reacts via CN or NCO to N and finally forms NO. The activation en-
ergy for this reaction (R 3.4) is significantly lower than for reaction R3.1. For low
temperatures reaction R3.4 is faster. The stoichiometry is also very important.
Since hydrocarbon radicals must be present for this reaction it is most effective
on the rich side of the reaction zone in a diffusion flame. Whereas the thermal NO
path primarily reacts on the lean side. In fuel rich mixtures it can even consume
NO due to the lack of oxygen radicals.
The nitrous NO path is initiated by reactions R 3.5 and R3.6
N2 + OH←→ N2O + H (R3.5)
N2 + O + M←→ N2O + M (R3.6)
The trimolecular recombination reaction R3.6 is more important for high pressure
conditions as encountered in Diesel engines. Under fuel lean conditions N2O reacts
to NO:
N2O + O←→ 2NO. (R 3.7)
Under fuel rich conditions the paths via imidogen (NH) are faster.
NO can be also be reduced by the reburn path. It is initiated by reaction
NO + HCCO←→ HNCO + CO. (R3.8)
Isocyanic acid (HNCO) then reacts to amidogen (NH2). Amidogen and imidogen
can reduce another NO to form N2O or N2H. Under rich conditions both paths
can lead to molecular nitrogen. Both paths are used in technical processes to
reduce NOx. In the raprenox process (HOCN)3 is added, whereas NH3 is used in
the De-NOx process.
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3.5 n-Heptane
N-heptane is a primary reference fuel (PRF) for octane rating in internal combus-
tion engines and has a cetane number of approximately 56, which is very similar to
the cetane number of conventional diesel fuel. Therefore, a better understanding
of n-heptane oxidation kinetics is useful in studies of engine knock, and autoigni-
tion. Recent experimental studies of n-heptane oxidation have focused on shock
tubes, jet-stirred reactors performed under stationary conditions, rapid compres-
sion machines, engines, plug flow reactors and jet-stirred flow reactors in which a
dynamic behavior is observed. All of these systems exhibit phenomena including
self-ignition, cool flame, and negative temperature coefficient (NTC) behavior.
These experimental data are comprehensively discussed in a recent modelling
study by Curran et al. [120].
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Figure 3.6: n-heptane mass fraction vs. time during oxidation process in plug flow
reactor. Solid line represents calculations with the 56 step mechanism [73], long
dashed line represents calculation with the mechanism from [72]
In addition to the many modelling studies referenced in [120] a semi-empirical
mechanism for the high temperature regime is proposed by Held et al. [72]. Peters
et al. [73] derived systematically a 4-step global mechanism using steady-state
approximations, which is able to reproduce ignition delay times in the low and
high temperature regime. We are using here for the simulations the same 56-
step mechanism listed in [73]. N-heptane as well as n-decane, both members of
the group of large aliphatic hydrocarbons have similar chemical behavior and
therefore undergo similar reaction paths during ignition and oxidation processes.
Because n-heptane has been extensively investigated in the past, is not here a
main subject. Hence, the most important paths as they are described in [73],
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Figure 3.8: Comparison of experimental ignition delay times from [75] with cal-
culated values using the 56-step mechanism [73] for lean (φ = 0.5)mixtures
will be summarized in the section 3.6. In Figures 3.6-3.10 are shown some results
using the 56-step mechanism listed in [73].
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Figure 3.9: Comparison of experimental ignition delay times from [75] with cal-
culated values using the 56-step mechanism [73] for stoichiometric mixtures
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3.6 n-Decane
Practical fuels such as diesel or kerosene are complex mixtures of a large num-
ber of different hydrocarbons. High linear alkanes represent an important class of
these components. However, the oxidation of large hydrocarbons is an important
element in modeling combustion in automobile engines, including autoignition,
flame propagation, and pollutant emissions. The introduction of detailed chemi-
cal reaction mechanisms into complex multi-dimensional fluid dynamics problems
for higher hydrocarbon fuels is done in Diesel combustion simulations [65]. There,
reduced reaction mechanisms have been used to address specific issues related
to autoignition, combustion and pollutant formation. Such reduced mechanisms
should ideally be based on detailed mechanisms carefully validated against a wide
range of experimental data. Recently [70] a sooting decane-O2-Ar flame has been
investigated experimentally and computationally, showing that addition of only
few reactions consuming decane to a C2H2 submechanism leads to reasonable
agreement with the experimental results.
A n-decane mechanism has been validated recently by Doute´ et al. [66], for a
premixed n-decane flame. The mechanism presented in that work does not, of
course, involve auto-ignition chemistry. Lindstedt et al. [69] have presented a
n-decane mechanism, which is able to reproduce most of the intermediate and
radical species with reasonable accuracy in the postflame of the atmospheric pres-
sure n-decane and kerosene flame of Doute´ et al. [67]. However, this mechanism
does not involve low or intermediate temperature oxidation of n-decane. Zeppieri
et al. [71], based on a recently developed n-heptane mechanism, have developed a
new, partially reduced, skeletal chemical kinetic mechanism for the oxidation and
pyrolysis of n-decane. The mechanism has been validated against measurements
of the oxidation of n-decane in a jet-stirred reactor and of the ignition delay for
n-decane and air in a shock tube at temperatures above 1000 K. This mechanism
does not involve low temperature oxidation of n-decane.
In the present work a semi-detailed mechanism for the combustion and auto-
ignition of n-decane featuring ∼ 600 reactions and 67 species is developed. This
kinetic scheme is validated here using: (i) shock tube data for n-decane auto-
ignition [74], (ii) experimental data for major and intermediate species obtained
in an atmospheric premixed n-decane/O2/N2 flame stabilized on a flat-flame
burner [66], (iii) experimental data for a freely propagating premixed n-decane
flame [76] and (iv) jet-stirred reactor data of Dagaut et al. [68] . The mechanism
contains unimolecular decomposition of fuel and reactions consuming fuel, lead-
ing to H atom abstractions by the main chain carriers: H, O2, OH, HO2, CH3.
Due to the symmetry of a n-decane molecule, five different sites are available, so
that five different n-decyl radicals are formed. In order to reduce the number of
species in the kinetic scheme a reaction flux analysis is performed and only two,
so called representative, n-decyl radicals are taken into account. The removal of
3 Hydrocarbon Oxidation and Autoignition 43
1, 4 and 5-C10H21 is performed step by step. At each step, the loss of accuracy
was estimated from the change induced in the mole fraction profiles of all species.
The removal of the above three n-decyl radicals suppresses intermediate species
formed from these radicals. Nevertheless, the final results are in good agreement
with the experimental data for all combustion regimes where the mechanism has
been validated. Systematic rules are adopted for the subsequent consumption of
the two representative n-decyl radicals. These rules concern essentially the de-
composition of large alkyl radicals, the consumption of large olefines, as well as
the reactions with molecular oxygen to produce those intermediates which char-
acterize the cool flame regime. The cool flame reactions are chemically lumped in
to a small submechanism: the so called autoignition mechanism, which involves
all the important paths the cool flame undergoes. The negative temperature co-
efficient (ntc) region is well reproduced. In the following sections, the chemical
kinetic model is discussed, and the modeling results are compared to the experi-
mental measurements.
Shock tube reactors are assumed to be zero-dimensional, homogeneous adiabatic
and isochoric. The governing equations for such reacting flows are well docu-
mented [77]. The computational procedure involves specifying the temperature
and composition of the initial mixture and solving the governing equations over
the time interval corresponding to the shock tube experiment being modeled. Pre-
mixed flames are computed in the manner outlined by Bollig [78]. For reversible
reactions the reverse rates are computed via the equilibrium constant. For shock
tube data, the equilibrium constants are calculated for isochoric conditions from
the change in Helmholz free energy and for premixed flames isobaric conditions are
used and the equilibrium constants are calculated from the change in Gibbs free
energy. Thermodynamic data were obtained from literature sources [79] wherever
available. For some species, however, it was necessary to generate thermochemical
data through Benson’s group additivity method [80].
Reaction Paths and Results in Premixed Flames
Mole fraction profiles calculated with the mechanism are compared to the exper-
imental results in Figs. 3.12-3.21. The ability of the model to reproduce the main
experimental observations on intermediate species will be discussed by examining
successively the main steps of the combustion mechanism for decane. The major
paths consuming fuel are thermal decomposition and H and OH attack leading
to H abstraction. The unimolecular decomposition reactions with their high acti-
vation energy contribute ∼ 10% to the overall fuel consumption. These reactions
lead to alkyl radicals with 3 to 7 carbon atoms:
n− C10H22 −→ 1− C5H11 + 1− C5H11 R314 (5.4%)
n− C10H22 −→ p− C4H9 + 1− C6H13 R315 (2.6%)
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n− C10H22 −→ n− C3H7 + 1− C7H15 R316 (1.5%)
Among the abstraction reactions, attack by H atoms is the preferred path with
the attack by OH being also important:
n− C10H22 + H −→ x− C10H21 + H2 R325, R326 (54%)
n− C10H22 + OH −→ x− C10H21 + H2O R319, R320 (33%)
where x = 2,3 denoting one of the two representative decyl isomers. The decyl
radicals produced undergo thermal decomposition, which leads to olefines and
alkyl radicals with 3 to 7 carbon atoms:
2− C10H21 −→ 1− C7H15 + 1− C3H6
3− C10H21 −→ 1− C6H13 + 1− C4H8
In Figs. 3.12 to 3.14 the predicted mole fractions of the fuel and major combustion
products (CO2, H2O, CO and H2) are compared with experimental measurements
[67]. In Fig. 3.13 experimental and predicted mole fractions of CO2 and H2O
are compared; the CO2 profile agrees very well with the experimental one. The
formation of CO2 main is mainly due to the slow reaction
CO + OH −→ CO2 + H
because under these conditions there are enough OH radicals present. Additional
formation evolves from the oxidation of acetylene via the path C2H2 → HCCO
→ CO2.
The profile of H2O is overpredicted with an error of 20%; the profile of CO is
well predicted ( see Fig. 3.14 ), and its dominant source is
HCO + M −→ H + CO + M
Finally H2 is underpredicted with an error of 12.5%.
The products of the decomposition of alkyls higher than C3 also undergo fast
thermal decompositions and form C3- and C2-species, with ethene ( C2H4 ) and
propene ( C3H6 ) being the important stable ones. Propene is mainly produced
by thermal decomposition of both 2-C10H21 (R312, Tabelle A.2)and the heptyl
radical 1-C7H15 (R311, Tabelle A.2), which contribute ∼ 60% of the total forma-
tion of propene. Figure 3.16 shows the formation and consumption of propene as
a function of distance from the burner. Propene preferably reacts with H radicals
to form propyl n-C3H7, which subsequently decomposes via C-C bond rupture to
form ethene and methyl, revealing a chain-breaking sequence for the consump-
tion of propene. The propene peak is underpredicted by a factor of 2 and the
calculated profile is shown in Fig. 3.15. We have performed reaction flux analyses
to identify the main reaction paths of each stable intermediate appearing during
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Figure 3.11: Experimental Temperature profile from Ref. [67] in a rich n-
decane/O2/N2 flame.
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Figure 3.12: Comparison of computed (full lines) and experimental from Ref. [67]
(points) mole fractions in a rich n−decane−O2 − N2 flame. The decane profile
has been multiplied by a factor of 5 in both experimental and simulation results,
respectively the nitrogen profile has been divided by a factor of 3.
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Figure 3.13: Comparison of computed (full lines) and experimental from Ref. [67]
(points) mole fractions in a rich n−decane−O2 − N2 flame
0,00
0,05
0,10
0,15
0,20
0 0,5 1 1,5 2 2,5 3
CO
H
2
M
ol
e 
fra
ct
io
n
Distance from burner [mm]
Figure 3.14: Comparison of computed (full lines) and experimental from Ref. [67]
(points) mole fractions in a rich n−decane−O2 − N2 flame
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the combustion of the n-decane . That analysis shows that the underprediction
of propene is caused by the reverse of reaction R187(Tablle A.1), which is the
preferred path forming n-C3H7. This means that, as fast as propene is produced
from reactions R311 and R312, it reacts rapidly to produce propyl radicals, as
seen in Fig. 3.16. where the contribution of each of the above reactions to the
production and destruction rate of propene is shown.
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Figure 3.15: Comparison of computed (full lines) and experimental from Ref. [67]
(points) mole fractions in a rich n−decane−O2 − N2 flame
C3H6 + H −→ n− C3H7 reverse R180
n− C3H7 −→ C2H4 + CH3 R179
Another reason for the underprediction of propene could be uncertainties in the
rate of reaction R180. Curran et al. [120] treate this type of reaction in the
reverse direction. Because alkyl radical β scission is endothermic , they calculate
the rate constant in the exothermic direction, i.e., the addition of a H atom
(or alkyl radical) across the double bond of an alkene. In this way they avoid
the additional complexity of the enthalpy of reaction, allowing the forward, β
scission rate constant to be calculated from thermochemistry. However, we have
compared the rate constant for β scission from our mechanism and that from
[120]. The differences are very small at temperatures up to 1400 K and become
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Figure 3.16: Formation and consumption of propene ( C3H6 ) as a function of
distance from burner surface in a rich n−decane−O2 − N2 flame
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(points) mole fractions in a rich n−decane−O2 − N2 flame
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(points) mole fractions in a rich n−decane−O2 − N2 flame
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Figure 3.19: Comparison of computed (full lines connecting with open sym-
bols) and experimental from Ref. [67] (filled symbols) mole fractions in a rich
n−decane−O2 − N2 flame
more important (∼ a factor of two) at 2000 K. Nevertheless, we did not observe
analogous differences in the profile of propene using the rate of Curran et al. [120].
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Ethene is mainly produced by the thermal decomposition of ethyl radicals in
C2H5 −→ C2H4 + H R138f
Ethene is consumed with H radicals to produce vinyl radicals in:
C2H4 + H −→ C2H3 + H2 R134 (76.6%)
subsequently forming acetylene . Smaller amounts of vinyl originate from the
reaction of ethene with OH:
C2H4 + OH −→ C2H3 + H2O R135 (15%)
The vinyl radical is the main source of acetylene. Close to the burner vinyl
radicals react with O2:
C2H3 + O2 −→ C2H2 + HO2 R118.1− R118.2 (18.5%)
This reaction has a complicated rate constant, recently examined by Marinov
et al. [82]. It is the sum of the rate constants of reactions R118.1 and R118.2.
Its contribution to acetylene formation is shown in Fig. 3.22, with the dominant
reaction being thermal decomposition in:
C2H3 −→ C2H2 + H R110 (62.2%)
The model predicts the observed concentrations of ethene and acetylene ( Fig.
3.17 ) quite well.
Methane and ethane are formed from methyl radicals. The formation of methane
is dominated by the reaction of CH3 with H radicals by reaction R72, which
contributes ∼ 75% to the overall production of methane. The main consumption
paths of methane are the reactions with H, O, and OH radicals (R80, R81, R82).
Ethane is formed by recombination of methyl radicals and consumed by H atom
abstraction in:
CH3 + CH3 −→ C2H6 R60
C2H6 + H −→ C2H5 + H2 R142 (70%)
C2H6 + OH −→ C2H5 + H2O R144 (23%)
Methyl radicals are formed from n-C3H7, C2H5, CH4, C2H4, CH3CO by the re-
actions R179, R59, R80, R82, R136 and R119, respectively. The mole fraction
of methane and ethane profiles are shown in Fig. 3.18. The predicted methane
peak is by a factor of less than two underpredicted, but the shape of the pro-
file is correctly predicted. The ethane peak is underpredicted also by a factor of
two. One reason for this is that the ethane consumption involves fast reactions
to C2H5, which undergoes fast decomposition to C2H4 (R138) and only a small
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part (∼ 3% of the overall C2H5 consumption) reacts with H radicals (reverse of
R59) to produce methyl the main source of ethane.
In Fig.3.19 we compare against experimental measurements, the mole fractions
of C5H10 and C6H12, which correlate reasonably well with the primary products
of thermal decomposition of n-decane.
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Figure 3.20: Comparison of computed (full lines) and experimental from Ref. [67]
(points) allene (C3H4) mole fractions in a rich n−decane−O2 − N2 flame
Thermal decomposition reactions are of key importance in diffusion flames,
which dominate the combustion of higher alkanes in practical devices. While
such flames have not been considered in the present study, we can get an indica-
tion of the accuracy of the mechanism to predict such flames from comparisons
made for higher hydrocarbon fragments such as C5H10 and C6H12.Figure 3.19
shows excellent agreement for C5H10 while the maximum mole fraction of C6H12
is underpredicted by a factor of four. Allene (C3H4) is formed from C3H5 radicals
by direct decomposition, but the dominant paths are the reactions of C3H5 with
molecular oxygen (O2) and H radicals. The main consumption paths of allene are
reactions with H and OH to produce propargyl radical (C3H3) (reactions R161,
R163). Figure 3.20 shows that the model predicts with good accuracy the max-
imum mole fraction of allene. On the other hand, the maximum is predicted to
be too close to the burner. A possible explanation for this shift, also observed
with other intermediates (CH4, C2H2, C2H4, C3H6, C4H8) could be, as already
reported [66], a difference in the exact position of the measurement volume in
measurements of temperature and mole fractions.
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Figure 3.21: Comparison of computed (full lines) and experimental from Ref. [67]
(points) benzene (A1-C6H6) mole fractions in a rich n−decane−O2 − N2 flame
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Figure 3.22: Formation and consumption of acetylene ( C2H2 ) as a function of
distance from burner surface in a rich n−decane−O2 − N2 flame
Reaction path analysis has shown that the main source of benzene (A1-C6H6)
is the propargyl-propargyl ( C3H3 + C3H3 ) self-combination reaction, with the
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Figure 3.23: Comparison of computed (full lines) and experimental from Ref.
[76](point) burning velocity in a freely propagating premixed n−decane flame
(P = 1bar, Tu = 298K)
remainder from H addition to phenyl (A1-C6H5). Good agreement between the
computed and measured mole fraction profiles of benzene is shown in Fig. 3.21.
However, we have been using a rate coefficient for the reaction C3H3 +C3H3− >
A1 − C6H6 of 1.2e12, while newest results, obtained in a shock tube study on
pyrolytic reactions of propargyl radicals carried out by Scherer et al. [187], suggest
for the same reaction values in the range of 4.5e12 to 9e12. They also found that
the reaction channel leading directly to phenyl (A1–C6H5) proceed with a rate
constant of less than 10% of the total reaction rate. This path has not been taken
into account at all in the present work.
In Fig. 3.23 computed laminar burning velocities of decane-air mixtures are
shown at ambient conditions for equivalence ratios ranging from 0.7 to 1.4. The
computations can only be compared with a single experimental data point [76].
Reaction Paths and Results in Shock tubes
The auto-ignition submodel included in the present mechanism was derived in a
systematic way by taking into account the most important classes of elementary
reactions which take place at both high and low temperatures. These classes of
reactions are [120]:
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1. Unimolecular fuel decomposition
2. H-atom abstraction from the fuel
3. Alkyl radical decomposition
4. Alkyl radical + O2 to produce olefin + HO2 directly
5. Alkyl radical isomerization
6. Abstraction reactions from olefin by OH, H, O, and CH3
7. Alkenyl radical decomposition
8. Olefin decomposition
9. Addition of alkyl radicals to O2
10. Alkyl peroxy radical isomerization ( RO2 → RO2H )
11. RO2H = olefin + HO2 (radical site β to OOH group)
12. Addition of RO2H to O2
13. Isomerization of O2RO2H and formation of ketohydroperoxide and OH
14. Decomposition of ketohydroperoxide to form oxygenated radical species and
OH
Initially a very detailed mechanism for the oxidation and auto-ignition of n-decane
was developed by considering all the isomers of intermediate species for low tem-
perature conditions. With this mechanism many calculations in a homogeneous
reactor were performed and the calculated ignition delay times were compared
with measured [74] auto-ignition delay times for n-decane and air mixtures in a
shock tube at different pressures, initial temperatures and equivalence ratios. A
reaction flux and sensitivity analysis of the ignition process of large hydrocarbons
for low and high initial temperatures is affected by various reaction paths [118].
These paths are discussed below in combination with the results of the sensitivity
analysis. With a knowledge of the main reaction paths, a remarkably shortened
submechanism for ignition can be derived by neglecting unimportant side chains.
The low temperature reaction paths arising by different decyl isomers have been
lumped in to one chain, which is similar to the low temperature auto-ignition
steps, by Cox and Cole [121]. Therefore a very short sub-model for ignition was
considered in the present work. The aim is to reproduce global quantities like
ignition delay times, but not to describe in great detail the oxidation at low tem-
peratures in plug flow reactors e.g., reproducing the measured profiles of cyclic
ethers. The computed ignition delay times shown in Fig. 3.24 agree very well with
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Figure 3.24: Comparison of computed (full lines) and experimental from Ref. [74]
(points) ignition delay times in a shock tube reactor for n-decane
the experimental ones. Figures 3.25 and 3.26 show reasonable agreement with the
jet stirred reactor measurements of Dagaut et al. [68]
The sensitivity analysis for the ignition delay time in an n-decane/air mixture at
different temperatures and pressures are shown in Fig. 3.27-3.30.
At high temperatures (1200 K) the ignition is governed mainly by chain
branching processes which are rather unspecific for the fuel considered. Fig.
3.28 and 3.30 show the results for a stoichiometric n-decane-air mixture at two
different pressures, 13.5 and 42 bar respectively, and the initial temperature
T= 1200K. It can be seen that at high temperature in both pressure levels the
largest sensitivity show reactions e.g.:
CH3 + HO2 −→ CH3O + OH
H + O2 −→ OH + O
which are not direct related to the reactions consuming fuel. In the transition
region, Fig. 3.27 and 3.29 the picture is totally different. All contributions stem
from fuel-specific reactions. The isomerization of O2RO2H by releasing OH and
forming ketohydroperoxide (ORO2H), by the reaction R353, shows a great sen-
sitivity in both pressure levels. The hydroperoxide (H2O2) decomposition shows
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a larger sensitivity at low than at high temperatures where the chain branching
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Figure 3.27: Sensitivity analysis for the ignition delay time in an n-decane/air
mixture at p = 13.5 bar, T = 800K; only sensitivities larger than 5×10−5 are
listed
reaction
H + O2 −→ OH + O
dominates.
High Temperature Reaction Mechanism
The high temperature mechanism takes the attack of radicals on n-decane, iso-
merization of the decyl radicals formed, β-decomposition of the decyl radicals,
and thermal decomposition of the fuel to form two smaller alkyl radicals into
account. Together with the C1 to C4 sub-mechanism, this gives a complete mech-
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Figure 3.28: Sensitivity analysis for the ignition delay time in an n-decane/air
mixture at p = 13.5 bar, T = 1200K; only sensitivities larger than 2×10−5 are
listed
anism for the high temperature oxidation of n-decane. These classes of reactions
were described above.
Low Temperature Reaction Mechanism
At low temperatures oxidation is initiated by reaction with molecular oxygen to
produce the corresponding decyl radicals and HO2. There are five different decyl
radicals, although this work considered only two decyl radicals (2-C10H21 and
3-C10H21). Simplification was achieved by removing progressively one, two and
finally three n-decyl radicals. At each step, the loss of accuracy was estimated
from the changes in the mole fraction profiles of all species in the premixed flames
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Figure 3.29: Sensitivity analysis for the ignition delay time in an n-decane/air
mixture at p = 42 bar, T = 800K; only sensitivities larger than 2×10−5 are listed
and in the ignition delay times in a shock tube. The decyl radicals formed can be
decomposed by β-scission of a C-C bond to produce an olefin and a smaller alkyl
radical (reactions R312 - R313), and react with O2 to produce an alkyl peroxy
radical (RO2).
If the temperature increases, the RO2 radical will decompose back to the re-
actants. This leads to an inverse temperature dependence of the reaction (the
so-called ”negative temperature coefficient” or ”degenerate chain branching”).
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Figure 3.30: Sensitivity analysis for the ignition delay time in an n-decane/air
mixture at p = 42 bar, T = 1200K; only sensitivities larger than 5×10−5 are
listed
The RO2 radicals then will undergo abstraction of internal H atoms:
RO2 −→ QOOH R333
where QOOH (C10H20OOH in Table A.2) is a corresponding alkylhydroperoxy
radical with fuel structure. These alkylhydroperoxy radicals can then eliminate
OH and produce a cyclic ether, or decompose to a fuel olefin and HO2, or react
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with a second O2. In the present work cyclic ether formation was not considered,
C10H20OOH ←→ 1− C10H20 + HO2 R334
C10H20OOH + O2 ←→ O2C10H20OOH R336
The addition of a second O2 is the only path leading to chain branching. The
treatment of the decomposition of the O2C10H20OOH radical formed in the last
reaction follows Curran et al. [120]. It has been assumed that O2C10H20OOH
isomerizes, releasing OH and forming ketohydroperoxide (OC10H19OOH)
O2C10H20OOH ←→ OC10H19OOH + OH R337
One hydroxyl radical is formed during the production of ketohydroperoxide in
the last reaction. The subsequent decomposition of ketohydroperoxide molecule
leads to another hydroxyl radical, a smaller alkyl radical, an olefin, CO and
formaldeyde, which is a tracer of the cool flame regime, according to [109]
OC10H19OOH −→ CH2O + 3C2H4 + C2H5 + OH + CO R338
A mechanism for the oxidation of n-decane has been developed. The aim is to
retain only a small number of chemical species and reactions without losing ac-
curacy. This is of great advantage for using detailed chemistry in the flamelet
model [26] for describing the chemistry-turbulence interactions when simulat-
ing autoignition, combustion or pollutant formation in internal combustion en-
gines [6], [83]. The mechanism presented has been validated against experimental
data from the literature. A premixed flame of n-decane, oxygen and nitrogen was
used as a reference to check the accuracy of the model. The mechanism’s abil-
ity to reproduce the main experimental observations on intermediate species has
been demonstrated by examining successively the main steps of the mechanism
for the combustion of n-decane. The agreement between calculated and experi-
mental mole fraction profiles is good for most species. Computed laminar burning
velocities, ignition delay times in shock tubes and oxidation in jet-stirred reactors
at moderate pressure show good agreement with the experimental data.
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3.7 Toluene
In the present study a detailed reaction mechanism for toluene from [69] has
been the basis for deriving a submechanism listed in table A.4. This submecha-
nism has been coupled to the basis mechanism of C1-C4 chemistry. The data used
to validate the toluene combustion mechanism at intermediate temperatures was
obtained from the work by Brezinsky et al. [123] and Brezinsky [124]. These
data sets were obtained in an atmospheric pressure flow reactor at equivalence
ratios of 0.63 and 1.4 over a wide range of reactor residence times (35-180 mil-
liseconds). Detailed species concentration measurements were reported, including
toluene, benzene, benzaldehyde, benzyl alcohol, ethylbenzene, bibenzyl, styrene,
cresols, phenyl alcohol, cyclopentadiene, vinyl acetylene, ethane, ethylene, acety-
lene, methane and carbon monoxide.
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Figure 3.31: Comparison of computed (lines) and experimental (points) mole frac-
tions which are ploted versus residence time in plug flow reactors. Data (points)
taken from Ref. [111]
The toluene combustion sub-mechanism is shown in Appendix A Table A.4 and
is valitated against both the fuel lean and rich (0.63 and 1.4 equivalence ratios)
data sets. Residence times were shifted by 33 and 45 milliseconds respectively
from the values reported by Brezinsky et al. [123] as recommended by Emdee et
al. [125] and Lindstedt et al. [69]. Comparisons between the experimental data
and computations are shown in Figures 3.31-3.38. Concetrations of toluene and
benzene (Figures 3.31 and 3.32 ) and methane and carbon monoxide (Figures
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tions which are ploted versus residence time in plug flow reactors. Data (points)
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3.33 and 3.34) as a function of residence time for both lean and rich mixtures
are predicted with good accuracy in agreement with previous studies (Emdee et
al., [125]).
Concentrations of benzaldehyde (Fig. 3.35) are predicted well and are similar to
those of Emdee et al. (1992).
Generally, the concentrations of lower hydrocarbons are predicted with good
accuracy in contrast to the work of Emdee et al. [125]. The improvements in this
work are predominantly due to the more extensive C1-C4 sub-mechanism which
has been validated over a wide temperature range. Ethylene in rich mixtures,
acetylene at all conditions (Figures 3.36 and 3.37)) are well predicted. The con-
centrations of bibenzyl (Fig. 3.38) are underpredicted by as much as a factor of
2. However, a similar under-prediction was reported by Emdee et al. [125], who
suggested that it is possible that the benzyl radical recombines in the probe thus
appearing as bibenzyl.
In general, the toluene combustion sub-mechanism provides satisfactory predic-
tions of most major and intermediate species profiles at intermediate tempera-
tures. Improvements in the prediction of C2 and C4 species have been made over
those reported by Emdee et al. (1992). The latter authors considered their model
to be a first step towards the development of a kinetic model for toluene com-
3 Hydrocarbon Oxidation and Autoignition 65
0,0 100
2,0 10-4
4,0 10-4
6,0 10-4
8,0 10-4
1,0 10-3
0 5 0 100 150 200
M
ol
e 
fra
ct
io
n 
[-]
time [ms]      
CO
φ = 0.63
φ = 1.4
Figure 3.33: Comparison of computed (lines) and experimental (points) mole frac-
tions which are ploted versus residence time in plug flow reactors. Data (points)
taken from Ref. [111]
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Figure 3.34: Comparison of computed (lines) and experimental (points) mole frac-
tions which are ploted versus residence time in plug flow reactors. Data (points)
taken from Ref. [111]
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Figure 3.35: Comparison of computed (lines) and experimental (points) mole frac-
tions which are ploted versus residence time in plug flow reactors. Data (points)
taken from Ref. [111]
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Figure 3.36: Comparison of computed (lines) and experimental (points) mole frac-
tions which are ploted versus residence time in plug flow reactors. Data (points)
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Figure 3.37: Comparison of computed (lines) and experimental (points) mole frac-
tions which are ploted versus residence time in plug flow reactors. Data (points)
taken from Ref. [111]
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bustion and cautioned against extrapolation beyond the validation conditions.
The present model builds on their work by refining and extending the model to
a broader range of combustion conditions. In Figs. 3.40 and C.1 are shown the
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Figure 3.39: Comparison of computed (lines) and experimental (points) mole
fractions of toluene, benzene and benzaldehyde. Data (points) taken from Ref.
[112]
results of a reaction path analysis at low to intermediate temperatures and at
high temperatures respectively.
Path analyses for the consumption of toluene in plug flow reactors has shown
toluene consumption to be dominated by the benzene sub-mechanism at inter-
mediate temperatures. The uni-molecular decomposition of the benzyl radical
becomes significant with increasing temperature. Pyrolysis is generally unimpor-
tant in lean toluene plug flow reactors whereas it is more significant in rich plug
flow reactors. The contribution of isomerization reactions, which generally exhibit
moderate activation barriers, increases with increasing temperature.
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3.8 1,2,4-Trimethylbenzene
The use of aromatic hydrocarbons in gasoline has become a common trend since
the removal of lead-based anti-knock substances. They offer the advantage of
a suitable volatility and a high octane rating. Their well-known resistance to
low-temperature oxidation and autoignition has been ascribed to the inhibitory
effect of aromatic structures on chain radical reactions. However, this explana-
tion is not totally convincing, except for benzene itself which is fully stabilized by
resonance. For alkyl benzenes there is a dual and antagonistic stabilizing effect
of resonance. On the one hand, resonance promotes the initial abstraction of a
benzylic hydrogen atom; on the other hand, it hinders any further oxidation of
the resulting benzyl-type radical. Previously [113], the auto-ignition features in
a rapid compression machine of 11 mono- and polyalkylbenzenes were compared
between 600-900 K and up to 25 bar to investigate the conditions at which aro-
matic hydrocarbons undergo low temperature oxidation. It has been found that
their phenomenological behavior can be classified into two groups. The hydrocar-
bons belonging to the first group, called ”toluene group”, ignite only above 900 K
and 16 bar, in the Lille machine [114, 115], whereas those belonging to the second
group, called ”o-xylene group”, ignite at a much lower temperature and pressure
and show a complex phenomenology similar to alkanes and alkenes. The reactiv-
ity increases steadily from toluene to n-butylbenzene when the number of carbon
atoms of the lateral alkyl chain increases from one to four. However, the total
number of carbon atoms is not the determining factor of reactivity. For example,
o-xylene, 2-ethyltoluene, and 1,2,3-trimethylbenzene are much more reactive than
1,3,5-trimethylbenzene. Similarly m- and p-xylenes are much less reactive than
o-xylene. It is the proximity rather than the number of aliphatic carbon atoms
that determines the overall reactivity.
1,2,4-trimethylbenzene is a member of the ”o-xylene group” as it has ortho-alkyl
group. 1,2,4-trimethylbenzene has been proposed as the aromatic compound in
a two component mixture of one aliphatic and one aromatic hydrocarbon, which
should represent kerosin. This is the reason why 1,2,4-trimethylbenzene has been
an objective in the present work. It has been assumed that the early-time ox-
idation characteristics are dominated by side-chain chemistry as in the case
of toluene. Thus, the development of the 1,2,4-trimethylbenzene submechanism
listed in Table A.5 has been based on that of toluene. The rate of similar reactions
wherever are not the same, have been adjusted in a way to account for the higher
reactivity of 1,2,4-trimethylbenzene against toluene. This is of course, a phe-
nomenological approach for describing the oxidation and ignition characteristics
of 1,2,4-trimethylbenzene in a broad range of initial conditions (temperatures and
pressures). In fact, the oxidation and autoignition of the aromatic hydrocarbons
of the second group, the ”o-xylene group”, where 1,2,4-trimethylbenzene belongs,
show low temperature characteristics like alkanes and alkenes. The formation of
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the main intermediates of oxidation can be described by the classical low tem-
perature oxidation scheme, based on the reactivity of peroxy radicals. The initial
attack is easy, as it produces a stable benzyl-type radical ( XYL-CH2, TYL-CH2,
A1CH2 ⇐⇒ C7H7). Addition of oxygen occurs, when the partial pressure of oxy-
gen is not too low, and leads readily to a peroxy radical. The peroxy radical can
either decompose to give back the stable benzylic type radical or undergo isomer-
ization, which also leads to a resonance-stabilized product when the transferred
hydrogen comes from a benzylic carbon atom. A rapid isomerization might act
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Figure 3.42: Autoignition delays in a rapid compression machine near 900 K
of 1,2,4-trimethylbenzene. Lines represent calculations. Points represent experi-
ments from Ref. [113]
as a driving force for the low temperature oxidation, because the resulting ortho-
hydroperoxybenzyltype radical would add a second molecule of oxygen and break
up in a branching reaction. When there is no easily transferable hydrogen atom in
the ortho-position of the peroxydized carbon atom, but only on the peroxydized
carbon itself, the transition state is strained, the rate of isomerization slower, and
no radical able to add a second molecule of oxygen would be formed. In that case
branching is likely to occur in a completely different way as, for example, from a
recombination reaction of hydroperoxy radicals, through the build up of hydrogen
peroxide and degenerate branching at higher temperatures and pressures. This
would explain why aromatics with short alkyl groups not in the ortho position
like toluene, m- and p-xylenes, do not show the typical low temperature behav-
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iorof alkanes and alkenes. When the alkyl chains are long enough, there are more
competing channels with low temperature branching. In this case, an ortho alkyl
group is not essential to drive the reactions, since the long chain itself favours
an easy isomerization, as in the case of n-butylbenzene [113]. Thus, it is clear
how complicate is the kinetic modelling of the low temperature oxidation and
ignition of alkylbenzenes. In the present work has been succesfully tried to de-
scribe the main oxidation and ignition characteristics of 1,2,4-trimethylbenzene,
even not including all the possible and in addition complicate paths of the low
temperature kinetic. In Figure 3.42 are shown ignition delays at different pres-
sures for a stoichiometric 1,2,4-trimethylbenzene - air mixture near 900 K. The
agreement with experimetnal data for pressures above 12 bar is quite well. In Fig-
ure 3.43 mole fractions of 1,2,4-trimethylbenzene and main intermediate species
as well as final products are ploted against temperature. The points represent
measurements in a jet-stirred reactor, similar to that described in section 3.6.
The reactor is operating at isothermal conditions in steady-state operation and
measurements performed at the end of the residence time which remains con-
stant and equal to 500 ms, so that the temperature in Fig. 3.43 represents the
initial temperature of each experiment. The measurements are provided by P.
Dagaut [117]. Even the agreement for 1,2,4-trimethylbenzene, oxygen and final
products between numerical results, obtained with the mechanism listed in Table
A.5, and experimental data is quite well, there is no good agreement for interme-
diates like small alkenes and formaldeyde, which indicate the need to improve the
description of the complex oxidation behavior of 1,2,4-trimethylbenzene. In gen-
eral, the developed submechanism is sufficient accurate to be used together with
the n-decane submechanism, in a surrogate fuel kinetic, which should represent
the oxidation and ignition characteristics of real kerosin. In the next section will
be presented results with the surrogate fuel kinetic and will be shown that it is
good enough to predict autoignition limits in a strained field, which agree very
well with experimental data.
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Figure 3.43: Oxidation of Trimethylbenzene in a jet stirred reactor. Pressure is
10 bar.Lines represent calculations. Points represent experiments provided by P.
Dagaut, CNRS
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3.9 Counterflow Ignition
In a previous study, Linian and Williams ( [126]) presented a general formula-
tion for describing ignition in unsteady mixing layers established between two
streams, one comprising fuel and the other oxygen. This analysis was performed
using one-step chemistry with nonunity values of Lewis numbers for the reactants.
Steady flows and flows where the strain and pressure change with time were con-
sidered. For steady flows, where changes in density in the mixing layer are small,
the reduced Damko¨hler number at ignition was given as a function of the Lewis
number of the fuel. Theoretical studies of ignition in steady ( [22], [127]) and un-
steady ( [128], [129]) non-premixed systems have previously been caried out using
one-step chemistry and employing the approximation that the Lewis numbers of
the reactants are equal to unity. The analysis of Linan ( [22]) is noteworthy. It
postulated four different structures for the mixing layer established between the
reactant streams. These different structures were called regimes. One of these
regimes,called the ignition regime, was used in previous studies to analyse igni-
tion in non-premixed systems ( [126], [22], [127]).
Seiser et al. [130] illustrate in an asymptotic analysis the influence of various pa-
rameters on ignition. They have also measured ignition temperatures at various
strain rates for different fuels and deduced from them overall chemical kinetic
parameters. We adopt here the same asymptotic analysis as [130] to calculate
overall chemical kinetic parameters for one step kinetic. The rates calculated from
the asymptotic analysis enable the comparison of different ignition experiments
performed at different devices under different conditions. The experimental data
shown here can be used to test predictions of detailed chemical kinetic mecha-
nisms.
The counterflow configuration has been used in numerous experimental studies
to elucidate the physical and chemical mechanisms of extinction and ignition.
Two types configuration, the gaseous fuel configuration and the condensed fuel
configuration, have been used in the most experimental studies. In the gaseous
fuel configuration a fuel stream made up of gaseous fuel and nitrogen, or prevap-
orized fuel and nitrogen, flows against an oxidizer stream made up of oxygen and
nitrogen. In the condensed fuel configuration, an oxidizer stream flows against
fuel evaporating from the surface of a liquid pool. Figure 3.44 shows a schematic
illustration of the counterflow burner used in our configuration. The burner is
made up of two parts: the bottom part comprises the fuel duct and the exhaust
system, while the top part comprises the oxidizer duct and heating elements. A
jet of prevaporized liquid fuel mixed with nitrogen is introduced from the bottom
part and a jet of heated air from the top part. Near the exit of the fuel duct
several fine wire screens are placed to make the velocity profile uniform. From an
annular region that surrounds the fuel duct, a ”curtain” flow of nitrogen flows
parallel to the fuel stream. The region that surrounds this ”curtain” nitrogen flow
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is connected to an exhaust system. The hot gases from the mixing layer, between
the ducts, are cooled in this region by water sprays before they enter the exhaust
system. The apparatus used for vaporizing liquid fuel, called vaporizer, is capable
of delivering a steady flow of prevaporized liquid fuel and nitrogen. The temper-
ature of the liquid fuel in the vaporizer is maintained at a constant value due to
a closed loop control system. The flow lines from the vaporizer to the fuel duct
are heated to prevent condesation of prevaporized fuel. The temperature of the
fuel stream at the exit of the fuel duct, T1, is measured using a thermocouple.
More advanced methods to measure the temperature and species concentrations
in flames are reported elsewhere [133–135].
Near the exit of the oxidizer duct several wire screens are placed to make the
velocity profile uniform. From an annular region that surrounds the oxidizer duct
a ”curtain” flow of nitrogen flows parallel to the oxidizer stream. The air flowing
Figure 3.44: Sketch of the Counter-
flow burner.
Figure 3.45: Flame which has
been stabilized after autoigni-
tion process
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inside the oxidizer duct is heated by a silicon carbide heating element placed inside
the oxidizer duct. Additional heating is provided by heating wires wound around
the duct. To minimize heat losses, the top part of the burner is isolated. The
distance L, between the exit of the oxidizer duct and the exit of the fuel duct, is
10 mm. All gaseous flowrates are measured by regulated mass flow controllers. The
calibrated accuracy of these mass flow controllers is ∼ 1%. The temperature of the
air at the exit of the burner is measured using a thermocouple. The velocities of
the reactants at the exits of the ducts are presumed to be equal to the ratio of their
volumetric flowrates to the cross-section areas of the ducts. In the experiments
the momenta of the counterflowing reactant streams ρiV
2
i , i = 1, 2 at the duct
exits are kept the same. Here V1 and V2 are zhe velocities at the exit of the fuel
duct and at the exit of the oxidizer duct respectively. Keeping the momenta equal
ensures that the stagnation plane formed by the two streams is approxiamtely
in the middle of the region between the two duct exits. The strain rate on the
oxidizer side of the stagnation plane α2 is calculated from the equation
α2 =
2 |Vox|
L
(
1 +
|Vfuel|√ρfuel
|Vox|√ρox
)
(3.1)
Simulation Results and Overall Chemical Kinetic Rate Parameters
Figs. 3.46-3.52 show the oxidizer temperature at autoignition, T2,I as a function
of the strain rate α2,I for different fuels. The symbols represent measurements
performed by C. Kortschik [131]. In general, there is a good agreement between
calculated and measured ignition temperatures. For the calculations steady and
unsteady, axisymmetric, laminar flow of two counterflowing strams toward a stag-
nation plane is considered here as it is mathematically described in chapter 2.
The flow between the oxidizer and the fuel nozzle is separated in two inviscid re-
gions in both sides of the stagnation plane and a boundary layer, the viscous layer
near the stagnation plane. Outside the viscous layer, in the inviscid region the
flow is presumed to be nonreactive, and the spatial gradients of temperature and
mass fraction of species are presumed to be small. In the viscous layer changes in
pressure in the radial direction from the stagnation point are calculated from the
strain rate which is the quantity that characterizes the flow. If the flow outside the
viscous layer is irrotational then the strain rate is constant in the outer inviscid
region. If the outer flow is rotational (plug flow) then the strain rate in the invis-
cid region depend on the axial coordinate (y) [132]. Figure 3.53 shows the strain
rates deduced from PIV measurements performed in the configuration illustrated
in Figure 3.44. a(xx) denotes the strain rate deduced from the radial velocity gra-
dients and a(yy) denotes the strain rate deduced from the axial velocity gradients.
As we can see in Figure 3.53 the strain rates are not constant. They depend on the
axial coordinate and the axial component a(yy) reaches its maximum value in the
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Figure 3.46: Comparison of computed (line) and experimental (points) [131] oxi-
dizer temperatures, T2,I , as a function of the strain rate, α2,I , at ignition. Fuel is
n-decane. The temperature of the fuel stream is 150oC.
oxidizer side near the stagnation point. We know that autoignition takes place in
that region because of the high temperature of the oxidizer stream and because
the fuel and oxidizer mix in that region rich downward to the stoichiometric con-
ditions which promote autoignition. Hence, the strain rate is not constant it is an
uncertainty source in the one-dimensional modelling where strain rate is assumed
to be constant and it is introduced in the model as parameter. This can be one
of the reasons for disagreement between calculated and measured ignition tem-
peratures. However, there is a very good agreement between experimental data
and numerical results for the 60%-40% mixture even the agreement for each of
the component of the mixture is not so good. It has been observed that there is
a synergistic effect in mixtures of aromatic and paraffinic fuels, which decreases
the ignition temperatures and the ignition delay times. Based on the results of
a sensitivity analysis of the current mixture kinetic, our modelling suggests this
occurs through reaction of unreactive radicals, benzyl and benzyl-type radicals,
and HO2 to form more reactive radicals. During the oxidation of n-decane - 1,2,4-
trimethylbenzene blend, the consumption of n-decane significantly increases the
number of radicals (compared to neat 1,2,4-trimethylbenzene oxidation), which
are then available to attack 1,2,4-trimethylbenzene and its relatively stable in-
termediates, the benzyl-type radicals. In the case of 80%-20% mixture which is
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Figure 3.47: Comparison of computed (line) and experimental (points) [131] oxi-
dizer temperatures, T2,I , as a function of the strain rate, α2,I , at ignition. Fuel is
1,2,4 Trimethylbenzene. The temperature of the fuel stream is 150oC.
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Figure 3.48: Comparison of computed (line) and experimental (points) [131] oxi-
dizer temperatures, T2,I , as a function of the strain rate, α2,I , at ignition. Fuel is
a mixture of 60%-40% wt n-decane/1,2,4 trimethylbenzene. The temperature of
the fuel stream is 150oC.
more suitable to represent real kerosene 3.49, the agreement between calculations
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Figure 3.49: Comparison of computed (line) and experimental (points) [131] oxi-
dizer temperatures, T2,I , as a function of the strain rate, α2,I , at ignition. Fuels
are: a mixture of 60%-40% wt n-decane/1,2,4 trimethylbenzene, a mixture of
80%-20% wt of the same compounds and real kerosene. The temperature of the
fuel streams is almost the same and equals 150oC.
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Figure 3.50: Comparison of computed (line) and experimental (points) [131] oxi-
dizer temperatures, T2,I , as a function of the strain rate, α2,I , at ignition. Fuel is
toluene. The temperature of the fuel stream is 150oC.
and experiments becomes not so good and similar to that of n-decane.
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Figure 3.51: Comparison of computed (line) and experimental (points) [131] oxi-
dizer temperatures, T2,I , as a function of the strain rate, α2,I , at ignition. Fuel is
n-heptane. The temperature of the fuel stream is 150oC.
In addition to the numerical results using the developed detailed mechanisms,
we would go further to extract from the experimental data global rates for one
step irreversible reactions based in a previously asymptotic analysis by Seiser et
al. [130]. The chemical reaction between the fuels n-decane 124-trimethylbenzene
and a mixture of them is represented by the following one-step irreversible global
reaction
n−C10H22 + 15.5O2 −→ 10CO2 + 11H2O
C9H12 + 12O2 −→ 9CO2 + 6H2O
0.56n−C10H22 + 0.44C9H12 + 13.96O2 −→ 9.56CO2 + 8.8H2O
The reaction rates are presumed to be given by
w = CfCO2Bexp(−E/RT ) (3.2)
where Cf is the initial concentration of the fuel and CO2 the concentration of
oxygen. In the asymptotic analysis of Seiser et al. [130] the 2D Navier-Stokes
equations are the basis for deriving a system of ordinary diferential equations
using non dimensional variables and stream function. The non-dimensional equa-
tions have been analyzed and solved for the nonreactive and reactive viscous layer.
In the analysis of the structure of the reactive viscous layer has been shown that
ignition takes place close to the oxidizer boundary. An appropriate Damko¨hler
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number has been defined
Dm =
F2νFYO2,2qρ2B
CLF2 WO2α2L
0.5
F
(
ηr
√
2pi
β
)LF−1
exp
(
− E
RT2
)
(3.3)
The quantities F2 and C2 are obtained from numerical integration of the equa-
tions which have been transformed in the similarity coordinate system and de-
scribe the conservation of momentum, mass fraction of fuel, mass fraction of
oxygen and temperature. C2 depends on Pr and γ, and F2 on Pr, γ, and LF ,
where LF is the Lewis number of the fuel and γ is defined as
γ =
T2 − T1
T2
C2 and F2 have been plotted in [130] as function of γ for Pr=0.7 and various values
of LF . In the analysis given here these diagramms have been used to extract the
appropriate values of C2 and F2. The other quantities in 3.3 represent: νF the
stoichiometric coefficient of the fuel in the global reaction, YO2,2 the mass faction
of oxygen in the oxidizer stream (2), q the nondimensional heat release ( q =
YF,1 qF / cp (T2−T1) ), YF,1 the mass fraction of the fuel in the fuel stream
(1), qF the heat release per unit mass of fuel consumed, ρ2 the density in the
oxidizer stream, WO2 the moleqular weight of oxygen, α2 the strain rate, B the
preexponential factor in equation 3.2, E the activation energy in equation 3.2, R
the universal gas constant, T2 the temperature at the exit duct of the oxidizer
stream, β the Zeldovich number defined as
β =
E(T2 − T1)
RT 22
(3.4)
and ηr is given by
βC2√
2piηr
exp
(
−η
2
r
2
)
= 1 (3.5)
A quantity G has been defined, such that
G = Bexp(−E/RT ) = Dm C
LF
2 WO2α2L
0.5
F
F2νFYO2,2qρ2
(
ηr
√
2pi
β
)LF−1 (3.6)
Using the relationship Dm = ∆Iη
2
r , where ∆I represents the modified Damko¨hler
number and after some algebraic manipulations equation 3.6 gives:
G−1 =
1
∆Iη2r
F2νFYO2,2qρ2
CLF2 WO2α2L
0.5
F
(
ηr
√
2pi
β
)LF−1
(3.7)
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and substituting q by its definition one obtains
G−1 =
1
∆Iη2r
F2νFYO2,2qFρ2
CLF2 WO2α2L
0.5
F cp(T2,I − T1)
(
ηr
√
2pi
β
)LF−1
(3.8)
The value of β in equation 3.8 is evaluated using Eq. 3.4 and ηr is evaluated using
Eq. 3.5. The equation 3.6 can be written
lnG = lnB − E
RT2,I
(3.9)
The overall chemical-kinetic parameters can be obtained from an ”Arrhenius”
plot of lnG as a linear function of 1/T2,I . To obtain the ”Arrhenius” plot, the
quantity G is evaluated using the experimental values for α2,I and T2,I shown in
Figures 3.46-3.52. The slope of this line, obtained by linear least-square fit, gives
the activation energy and the frequency factor can be obtained from the equation
of this line.
For n-heptane, toluene and 1,2,4 trimethylbenzene it is assumed that LF = 2.5.
For this value of LF , the reduced Damko¨hler number at ignition is ∆I = 0.37 [126].
For n-decane and the mixture of 60%-40% wt n-decane/1,2,4 trimethylbenzene it
is assumed that LF = 3.0. For this value of LF , the reduced Damko¨hler number at
ignition is ∆I = 0.25 [126]. The values of C2 and F2 are obtained from Figs. 3 and
4 of Ref. [130] respectively. The universal gas constant R= 0.008314 kJ/(mol · K),
the average molecular weight W= 0.029 kg/mol, and the heat capacity cp = 1.23
kJ/(kg · K). The heat release per unit molar mass of fuel consumed, qF , for n-
heptane, n-decane, 1,2,4 trimethylbenzene (1,2,4 tmb), toluene and the mixture
of 60%-40% wt n-decane/1,2,4 trimethylbenzene (60%-40% mix) is 4490 kJ/mol,
6800 kJ/mol, 5040 kJ/mol, 3763 kJ/mol, and 6026 kJ/mol respectively. The fre-
quency factor and activation energy for one-step irreversible reaction obtained
from interpretation of experimental data using asymptotic analysis are shown in
Table 3.1
Table 3.1: Frequency Factor B and Activation Energy E
for One-step Irreversible Reaction Obtained from Inter-
pretation of Experimental Data Using Asymptotic Anal-
ysis and from Numerical Calculations
Rate Param. n-heptane n-decane toluene 1,2,4 tmb 60-40% mix
Asym. B[cm3/(mol·s)] 1.1×1019 1.4×1018 4.5×1019 2×1025 8.6×1016
Anal. E[kJ/mol] 202.3 190.1 225 363.5 170.65
Num. B[cm3/(mol·s)] 7×1016 2×1016 2.5×1017 1.5×1023 8.6×1014
Calcul. E[kJ/mol] 202.3 190.1 225 363.5 170.65
Heat Re- 4490 6800 3763 5040 6026
lease[kJ/mol]
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Chapter 4
Reduced Chemical Mechanisms
4.1.1 Partial-Equilibrium Assumptions
The most straightforward approach to identify the fast processes is to associate
them with elementary reactions with large reactions rates. It is relatively easy
to define a time scale for a specific reaction. This time scale may be written
as: τk = ρ/(M¯rk) The progress of the reaction process will be limited by slow
reactions so that fast reactions will be in partial-equilibrium. This means that the
net reaction rate of the fast reactions is small, whereas the forward and backward
reaction rates are large. If the fastest reactions are known, the reaction rates can
be set to zero, leading to algebraic equations. However, an important drawback
of this method is that the reactions which are important during the combustion
process change in time and space. Radicals are formed in a early stage of the
combustion process, whereas they recombine in later stages. The reactions by
which radicals are formed and recombined are generally different. Furthermore,
in general there are more reactions than species, so that the application of partial-
equilibriums assumptions involves a selection of reactions. Knowledge of chemical
kinetics is essential to choose the partial equilibrium assumptions appropriately.
4.1.2 Steady-State Assumptions for Radicals
In another approach the fast time scales are not associated with elementary reac-
tions, but with species. Since radicals are formed and recombined fast, it is likely
to associate fast processes with a group of reactions which form or destruct a
radical. If a radical is formed by a certain reaction, the effect of this reaction will
be cancelled immediately by an other reaction which removes the radical. This
means that the net source term of a species will be small compared to the pro-
duction‘ and ‘consumption‘ part. The reaction mechanism can be simplified by
introduction of steady-state relations. Introduction of steady-state assumptions
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for several intermediate species means that the chemical source term vector is
frozen in certain directions. The application of partial-equilibrium and steady-
state assumptions has been used in many applications [138], [139].
4.1.3 Mathematical Reduction Technique
Recently developed methods to reduce a reaction mechanism (Low-Dimensional
Manifold) [145–148], (Computational Singular Perturbation) [140–144] try to find
out in wich directions the source term vector will reach a steady-state rapidly.
The directions are not associated with individual species or elementary reactions
and are not fixed throughout the combustion process as for the Conventional Re-
duction Method. These directions are obtained from the chemical reaction system
itself. The dynamic behaviour of the chemical source term is studied by perturb-
ing the composition in all possible directions. The specific mole numbers for each
species are changed and the effect on the chemical source term is examined. In
this way the Jacobian matrix of the source term is evaluated and the eigenvalues
of this Jacobian matrix are associated with the typical chemical time scales of
the system. The corresponding eigenvectors are associated with reaction groups.
Subsequently, steady-state assumptions are introduced for fast reaction groups;
only slow reaction processes remain. The method estimates the fast and slow re-
action groups, locally. Therefore, the reduced reaction mechanism will be optimal
at every stage in the reaction process.
4.2 Mathematical Reduction Technique with
CSP Data
The present limitations of computer hardware mean that complete chemical mech-
anisms cannot be incorporated in computational fluid dynamics (CFD) codes, and
for turbulent combustion systems these limitations are especially pronounced.
The numerical solution of the governing equations, when detailed mechanisms
are used in CFD codes, faces two major obstacles. The first problem is due to the
stiffness introduced by the fast time scales due to the chemical source terms in the
species governing equations. The second problem is created by the large number
of unknows resulting after the discretization of the governing equations, becoming
more serious when large detailed chemical kinetic mechanisms are used. In gen-
eral, some approximations have to be made which allow the size of the nechanism
to be drastically reduced. From the point of view of research in chemical kinetic
mechanism reduction, there is a need to create mathematical tools that identify
automatically the global steps, steady-state species and algebraic relations that
comprise the reduced mechanism.
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Reduced mechanisms consist of a few steps, which involve only a small num-
ber of chemical species and the corresponding rates are linear relations among
the elementary rates. In comparison to the detailed mechanism, a successful re-
duced mechanism is free of the fastest time scales and can reproduce the most
essential features of the problem under investigation. The most familiar type of
reduced mechanisms is that in which the number of steps is fixed and the sto-
ichiometric coefficients and the coefficients multiplying the elementary rates in
the expressions of the global rates are all constant. Such mechanisms already
exist for a number of fuel and flame types [136–139], providing results of high
accuracy. Since these mechanisms are valid throughout the computational do-
main, they are of global character. A more recent kind of reduced mechanisms
consists of varying with time or space stoichiometric coefficients, coefficients in
the expressions of the rates, and possibly number of steps. As a result, these
mechanisms can be characterized as local. Such mechanisms are constructed with
the methods of Computational Singular Perturbation [140–144], Intrinsic Low-
Dimensional Manifold [145–148]. The local mechanisms are more accurate than
the global ones [149, 150]. However, this accuracy is obtained at the expense of
a higher amount of computations. In the case where efficiency is more desirable
than accuracy, global mechanisms must be used.
Given a detailed mechanism, the construction of global reduced mechanisms is
based on the introduction of a number of steady state and/or partial equilibrium
approximations [19]. Such approximations are valid when the fast chemistry time
scales become exhausted. When only steady state approximations are used, it is
always possible to construct a global reduced mechanism in which only a small
number of species appear in the stoichiometry of its steps. However, this is not
always true when partial equilibrium approximations are also involved [149]. In
any case, when a reduced mechanism is available, the mass fraction of the species
appearing in the stoichiometry of the global mechanisms (major species) are com-
puted from the appropriate conservation differential equations while those of the
remaining species (minor 0r ”steady-state” species), which are needed for the
calculation of the global rates, are computed from the steady state or partial
equilibrium relations.
The conventional method for constructing a reduced global mechanism starts
with the specification of a detailed mechanism, the operating conditions and the
desired number of steps in the reduced mechanism. The next step relates to the
identification of the ”steady-state” species and the fast reactions [136, 137]. If the
detailed mechanism involves N species and E elements and the global mechanism
is desired to consist of S steps, then M ”steady-state” species and M fast ele-
mentary reactions must be identified, where M = N - E -S. On the basis of tjis
information, reduced mechanisms can be constructed with a numerical algorithm
involving simple linear algebra operations [149, 151]. The final step in the con-
struction of reduced mechanisms consists of the simplification (truncation) of the
expressions for the steady state or partial equilibrium relations and global rates,
4 Reduced Chemical Mechanisms 88
so that the reduced mechanism results in faster computations [136, 137] and more
accurate results [153].
Having available a detailed mechanism and a set of operating conditions , the
key seps in the procedure described above for constructing global mechanism are
(i) the specification of the number of global steps, (ii) the identification of the
”steady-state” species and the fast elementary reactions, and (iii) the truncation.
As discussed in the following, the succcesful execution of these three steps faces
significant obstacles. When constructing a global reduced mechanism, the goal
is to achieve acceptable accuracy with the minimum number of steps S. So far,
there is no method to a priori determine this number. In general, S is determined
on a trial and error basis or in connection with the number of species which
are deemed as reliable candidates to be identified as ”steady state”. Usually, the
”steady-state” species are selected as those whose net production rates are much
smaller than the sum of production and destruction rates. The mass fraction, or
appropriately weighted mass fraction, of these species is sufficiently smaller than
those of the remaining ones throughout the computational domain. Such a selec-
tion is based on sensible physical grounds for the following reasons. The detailed
mechanism introduces a number of fast time scales, which force the trajectory
to move on a low dimensional manifold. Any perturbation of the manifold will
quickly decay due to the fast physical processes generating the fast time scales.
Such fast processes are some elementary reactions in the detailed mechanism
which due to the contracting character of the fast time scales, are related to the
fast depletion of certain species. Therefore, the fastest time scales in the problem
are related to elementary steps which tend to deplete the fastest certain species.
As a result, these particular species never attain large mass fractions. They are
characterized as ”steady state” since any tendency to increase their mass frac-
tion is quickly balanced by the fastest elementary steps, resulting in relatively
small net production rates. However, such a method for the identification of the
”steady-state” species(i.e., low magnitude of the net vs production/destruction
rates or small mass fraction) is not always correct, since it is based on the as-
sumption that the mass fraction of all species is of the same magnitude and evolve
with the same time scale. This is not always true and wrong conclusions may be
obtained.
As fast elementary steps are selected, those which exhibit large depletion rates
for the ”steady state” species or, equivalently, the most sensitive steps involving
those species. From the discussion above it seems that such a section is correct,
on the condition that the ”steady state” species were properly identified. The
simplification (truncation) of the expressionsfor the steady-state or partial equi-
librium relations and global rates has two objectives. It aims at (i) the speed-up of
the computations and possibly (ii) the correction of the errors produced from the
application of the steady-state or partial equilibrium assumptions in the constuc-
tion of the reduced mechanism. Given that the ”steady-state” species and fast
elementary reactions were properly identified, for the first objective, it suffices to
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neglect the elementary rates that contribute little to the cancellations occurring
in the steady-state or partial equlibrium relations and to the expressions for the
global rates. As for the second objective, the most imortant tool is sensitivity
analysis. Such an analysis requires heavy computations, the results of which are
not always conclusive and need further analysis for interpretation. From the dis-
cussion above, it is clear that the most important decisions that must be taken
of the constuction ofa global reduced mechanism relate to the selection of the
number of steps in the mechanism and the identification of the ”steady-state”
species. For a successful decision on these two questions a robust algorithm does
not currently exist. The execution of the steps which follow, i.e. the selection of
the fast elementary reactions and the truncation (aiming at the speed-up of com-
putations), does not pose significant problems. Here, the algorithmic procedure
presented in Massias et. al. [158] for the construction of global reduced mecha-
nism on the basis of steady state assumptions, shall be utilized. There (Massias
et. al. [158]) has be shown how a good estimate on the number of steps in the
mechanism can be obtained and how the ”steady-state” species can be identified
from data generated by the CSP method. The algorithm also includes the identi-
fication of the fast elementary reactions, the generation of the reduced mechanism
and the truncation of the steady-state relations and the expresions for the global
rates. This algorithm will be applied for the construction of a twentyseven-step
mechanism from a detailed one consisting of 262 reactions (mostly reversible)
and 66 species for the case of n-C7H16/Air combustion accounting for thermal
and prompt NOX formation. The mechanism is listed in Table A.6. First, a brief
outline of the CSP method as applied to the stiff PDEs shall be presented. Then,
the method used for the construction of global reduced mechanisms developed in
Massias et. al. [158] will be described. This methodology shall then be applied
to a n-C7H16/Air autoignition process for the construction of a twentyseven-step
global mechanism. The range of validity of this mechanism will be examined by
comparing numerical results with those obtained on the basis of the detailed
mechanism for a wide range of operating coditions.
4.3 Construction of global reduced mechanisms
The general form of the species conservation equation is:
∂y
∂t
= L(y) + g(y) (4.1)
The construction of global reduced mechanisms on the basis of steady state or
partial equilibrium approximations is equivalent to the definition of three sets of
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linearly indepedent constant N-dimensional column basis vectors ai:
ar =
[
a1, · · · , aM
]
as =
[
aM+1, · · · , aN−E
]
ac =
[
aN−E+1, · · · , aN
]
(4.2)
where N, is the number of species in the detailed kinetics mechanism, E is the
number of elements and M is the number of approximations introduced. These
sets of vectors are accompanied by their dual set of constant N-dimensional row
vectors ai:
br =
 b1· · ·
bM
 bs =
bM+1· · ·
bN−E
 bc =
bN−E+1· · ·
bN
 (4.3)
By expanding the source term g on the basis of these vectors, the original Eq.
4.1 simplifies to
∂y
∂t
= L + asf
s, (4.4)
where
fs = bsg (4.5)
Equation 4.4 is accompanied by the following M algebraic equations:
fr = brg ≈ 0 (4.6)
and the following E identity equations:
fc = bcg ≡ 0 (4.7)
Let us assume that a global reduced mechanism is to be constructed on the basis
of M steady state assumptions. Let us further assume that the M steady-state
species and the correspoding M fast elementary reactions have been selected. On
the basis of these assumptions, the original Eq.4.1 can be cast in the form [158]:
∂
∂t
[
yss
yns
]
=
[
Lss
Lns
]
+
[
gss
gns
]
(4.8)
where yss and yns are M and N-M dimensional column vectors, the elements of
which are the mass fractions of the steady-state and remaining species, respec-
tively. Then the ai and b
i vectors are computed according to the following steps.
The M N-dimensional row vectors in brhave the form:
br =
[
IMM , 0M(N−M)
]
(4.9)
where IMM is a M×M unit matrix and 0M(N−M) is a M×(N-M) zero matrix.
The M N-dimensional column vectors in ar are computed from the relation:
ar = WSr(b
rWSr)
−1 (4.10)
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where Sr is a N×M matrix whose columns are the stoichiometric vectors of the
M reactions identified as fast. In order for the vectors in ar to be linearly inde-
pendent, the vectors in Sr must also be linearly independent. Furthermore, the
stoichiometric vectors of the fast reactions must produce a matrix brWSr that
is invertible. This means that that the M×M matrix Sr,ss is invertible, where
WSr =
[
Sr,ss
Sr,ns
]
(4.11)
and Sr,ns is a (N-M)× M matrix. With this notation, the N×M matrix ar has the
form:
ar =
[
IMM
Sr,nsS
−1
r,ss
]
(4.12)
A new set of vectors bs is computed from the relation:
bs = bˆ
s [
INN − arbr
]
(4.13)
Following, the matrix a is computed from the equation:
a =
brbs
bc
−1 = [ar as ac ] (4.14)
where ar is given by Eq. 4.12 and as and ac have the form:
as =
[
0M(N−M−E),
as,ns
]
ac =
[
0ME,
ac,ns
]
(4.15)
Expanding the source term with respect to the above basis vectors, the original
Eq. 4.1 becomes:
∂
∂t
[
yss
yns
]
=
[
Lss
Lns
]
+
[
IMM
Sr,nsS
−1
r,ss
]
(gss) +
[
0MM
as,ns
]
(bsWSR)
+
[
0MM
ac,ns
]
(bcWSR) (4.16)
where the notation of Eq. 4.8 has been used. By using the steady state assump-
tions introduced in Eq. 4.6 and the conservation of elements in the elementary
reactions Eq. 4.7, Eq. 4.16 simplifies to the form of Eq. 4.4 as
∂
∂t
[
yss
yns
]
=
[
Lss
Lns
]
+
[
0MM
as,ns
]
(bsWSR) (4.17)
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By using the orthogonality condition 4.14 and the fact that the matrix brWSr
is by construction non-singular, it follows:
bsWSr(b
rWSr)
−1 = 0⇒ bsWSr = 0 (4.18)
Therefore, Eq. 4.17 simplifies to
∂
∂t
[
yss
yns
]
=
[
Lss
Lns
]
+
[
0MM
as,ns
]
(bsWSk−rRk−r) (4.19)
In practise, the global rates bsWSk−rRk−r are even further simpler than their
expression shows. The algorithm described here is implemented in the S-Step
Code [157] and used in the next section to produce a reduced n-heptane mecha-
nism.
4.4 Reduced Mechanism for n-Heptane
The Algorithm
The construction of reduced mechanisms by CSP starts with the choise on the
desired number of global steps, say S, and follows the steps outlined below [159].
Step 1: the reference solution. A numerical solution of the flame structure
with a suitable detailed mechanism is obtained, on which the CSP analysis is
performed. It is anticipated that the reduced mechanism will be accurate over
a range of conditions close to those of the detailed kinetics solution. The exact
range of the mechanisms applicability is quantified a posteriori.
Step 2: CSP local pointers. Given the disered number of global steps, M=N-S
steady-state species must be identified, where N is the total number of species
in the detailed mechanism. For this purpose, CSP analysis is performed at each
point in time providing the CSP pointer of each species i, Di(x), which is a
function of time and takes a value between zero and unity. In physical terms, the
CSP pointer is a measure of the influence of the M fastest chemical time scales
on each of the species. When Di(t)=1, the i th species are completely influenced
by the fastest scales and are the best candidates to be steady-state. In contrast,
when Di(t)=0, the fast time scales have no effect on the ith species and cannot
be identified as steady-state.
Step 3: intergrated pointers. The local pointer Di(t) is integratd over the
time using the local species net production rate and species mole fraction as a
weighting factor, to give
Ii =
1
τ
τ∫
0
Di(t)
1
Xi + 1
qi
qimax + 2
dt , (4.20)
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where qi is the net species production rate, qimax is the corresponding maximum
during the time τ and Xi is the species mole fraction and 1 and 2 are properly
selected small positive numbers used in order to avoid the numerical problems
when qi or Xi equal zero. In contrast to the CSP pointers, the scalars Ii can
take any value between zero and infinity. As discussed in Massias et. al. [158],
the weighting by the mole fraction is consistent with the traditional criterion of
taking low-concentration species as the steady-state ones. The quantities Ii for
each species are ordered and the N-M species with the lowest values are taken
as major (non-steady-state) species. The M species with the largest values are
identified as steady-state species.
Step 4: fast reaction identification. The rate of each elementary reaction is
integrated over the time. The reactions which consum the steady-state species
(step 3) and exhibit the largest integrated rate are selected and deemed the ‘fast‘
reactions (the rest are ‘slow‘). For M steady-state species, M fast reactions are
selected.
Step 5: global reactions. Based on the results of steps 3 and 4, the stoi-
chiometry and rates of the global reactions and compiled following ( [158]). The
reduced mechanism consists of the global steps involving the major species and
the corresponding global rates, which are expressed as linear combinations of the
‘slow‘ elementary rates. The rates depend, of course, on all species, steady-state
and non-steady-state. the former are calculated from the solution of a system
of steady-state algebraic relations with the ‘inner iteration‘ procedure. In some
cases a decoupling of the system of the steady-state algebraic relations is possible
and its solution is then straightforward .
Step 6: truncations. The accuracy of the reduced mechanism constructed by
steps 1-5 above might not be the optimum one. Frequently, abnormally high con-
centrations are encountered for some steady-state species, which might result in
low accuracy. This problem is resolved by comparing the relative contributions of
each elementary reaction tothe total production rate for the species from both the
reduced and detailed mechanisms. If large discrepancies exist, the corresponding
elementary rates are truncated from the steady-state relations. Typically, only
two to three truncations are necessary.
If step 3 were missing, the sequence of steps 1-5 would create local‘ reduced
mechanisms. The integrated pointers, however, provide an objective way to iden-
tify species that can be treated as steady-state throughout the computational
domain. Hence the construction of ‘global‘ reduced mechanisms is possible. Steps
1-5 above are fully automated in the computer code S-STEP [157], which takes as
input the detailed kinetics solution and the user-defined number of global steps. It
produces the reduced stoichiometry, global reaction rates and algebraic relations
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for the steady-state species. Typically, this code takes a few minutes of CPU time
on a current workstation.
Number Reaction
I O2 + H = OH + O
II OH + H2 = H + H2O
III O + H2O = 2 OH
IV H + OH = H2O
V O2 + H = HO2
VI 2 HO2 = O2 + H2O2
VII OH + CO = H + CO2
VIII CO2 + CH = H + 2 CO
IX H2O + CH = H + CH2O
X O + CH3 = H + CH2O
XI H + CH3 = CH4
XII CH3O2 = O2 + CH3
XIII 2 CH3O2 = O2 + CH2O + CH3OH
XIV O + C2H4 = H + CO + CH3
XV O2 + O + C3H4 = 2 H + 2 CO + CH2O
XVI C3H5 = H + C3H4
XVII OH + C3H6 = H + CH2O + C2H4
XVIII 2 O2 + C4H6 = 2 H + 2 CO + 2 CH2O
XIX A-C5H10 = H + C2H4 + C3H5
XX O2 + A-C6H12 = HO2 + C3H5 + C3H6
XXI A-C7H14 = H + 2 C2H4 + C3H5
XXII C7H15O2-C7H15O2 = O2 + CH3 + A-C6H12
XXIII O2 + N-C7H16 = H + HO2 + 2 C2H4 + C3H6
XXIV O2 + C7H15O2-C7H15O2 = OH + OC7OOH-OC7H13OOH
XXV H + 2 NO = OH + O + N2
XXVI NO2 = O + NO
XXVII OH + CH + N2 = H + NO + HCN
Table 4.1: The 27-step global reaction mechanism
The methodology discussed above for identifying the ”steady-state” species and
the fast elementary reactions, the construction of a global mechanism and the
truncation of the expressions for the global rates, and the steady state relations
were implemented in the code S-STEP [157]. The required input to the code con-
sists of i) the detailed mechanism (listed in Table A.6), ii) the numerical solution
obtaining of the case has been simulated, (here, the case has been chosen for the
construction of the global reduced mechanism is a HCCI calculation described in
more detail in Chapter 5.3) and iii) the number of global steps in the reduced
mechanism. Figures 4.1-4.3 show the evolution in time, given as crank angle de-
gree (CAD), of the fuel mass fraction, pressure and temperature.
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Figure 4.1: Comparison between detailed and global reduced mechanism con-
structed with CSP data
The criterion in deciding the number of global steps in the reduced mechanism is
the accuracy of the results compared with them obtained with the detailed one.
It can be an iterative procedure to find the optimum number of global steps. In
addition to accuracy the reduced mechanism has to provide, one more criterion
has to be satisfied, in my opinion, the complexity of the steady state relations.
Because of the strong non-linear structure of the steady-state relations, the com-
putational effort might be very big in solving the inner iteration. If the number
of steps is such that the system of the steady-state relations could be decoupled,
the solution of it is straightforward.
The global reduced mechanism presented here satisfy both of the above crite-
ria. The accuracy of the results, compared to them obtained with the detailed
mechanism, is reasonable, as we can see in Figures 4.1-4.3. on the other side the
system of the steady-state relation has been fully decoupled. The computational
time has been decreased by a factor of six if the reduced has been used.
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Figure 4.2: Comparison between detailed and global reduced mechanism con-
structed with CSP data
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Figure 4.3: Comparison between detailed and global reduced mechanism con-
structed with CSP data
Chapter 5
Application to Homogeneous
Charge Compression Ignition
(HCCI)
5.1 Introduction
Homogeneous Charge Compression Ignition (HCCI) combustion is achieved, when
a mixture of air, fuel and recycled combustion products is compressed until it
autognites. This results in heat releasing reactions that initiate simultaneously at
multiple sites within the combustion chamber and occur at the global equivalence
ratio. Unlike Diesel (diffusion-controlled) combustion, HCCI reactions are not
necessarily limited by the mixing rate at the interface between the fuel jet and
oxidizer. HCCI combustion differs from spark-ignited combustion in that it has
no discernible flame front and is devoid of a localized high-temperature reaction
region. Thus, HCCI combustion is generally characterized by distributed, low-
temperature reactions that occur relatively fast. HCCI engines have demonstrated
very low emissions of oxides of nitrogen (NOx) and particulate matter (PM), as
well as high thermal efficiency at part load. However, there are some difficulties in
applying HCCI combustion to internal combustion engines. Homogeneous Charge
Compression Ignition (HCCI) has emerged as a technology with potential for
reducing engine-out emissions and significant research efforts have been directed
at understanding the fundamental mechanisms of this combustion mode in recent
years. HCCI combustion of most fuels displays a peculiar two-stage heat release.
The first stage of the heat release curve is associated with low-temperature kinetic
reactions (cool and/or blue flames), and the time delay between the first and main
heat releases is attributed to the ”Negative Temperature Coefficient Regime” of
these reactions.
Since the combustion reactions are not initiated by a spark and are not limited
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by traditional flame-sheet physics, leaner mixtures can be consumed by HCCI
combustion than is possible through other methods.
HCCI combustion initiation is not sensitive to in-cylinder fluid mechanics, and
generally displays very low cyclic variability. However, under some conditions,
bi-modal cylinder pressure distribution have been obtained [181]. This bimodal,
or irregular, combustion characteristic is believed to be associated with the gas
exchange process and the retention of residual exhaust products from previous
cycles.
5.2 Potential of HCCI
The main motivation for studying HCCI combustion stems from its potential for
significant reductions in exhaust emissions in comparison to conventional Diesel
or spark-ignition combustion. A brief overview of the emissions characteristics
from HCCI engines is provided in this section.
5.2.1 Oxides of Nitrogen (NOx)
Perhaps the single largest attraction of HCCI combustion is that it can reduce
NOx emissions by 90 - 98% in comparison to conventional Diesel combustion.
The underlying mechanism responsible for this reduction in NOx emissions is
the absense of high-temerature regions within the combustion chamber. HCCI
combustion reactions occur at the global air-fuel ratio, which is typically quite
lean, and at a temperature significantly below those encountered within the re-
action zone in Diesel or spark-ignition engines. Several numerical models of NOx
emissions from HCCI combustion have documented this effect.
5.2.2 Particulate Matter (PM)
HCCI combustion has also been reported to produce low levels of smoke and PM
emissions. The mechanism for these smoke reductions is not as well documented,
but it is thought that the absence of diffusion-limited combustion and localized
fuel-rich regions discourages the formation of soot. One exception to this can
occour when poor mixture preparation leads to liquid fuel deposition on the
combustion chamber and localized fuel-rich regions of combustion.
5.2.3 Hydrocarbons (HC) and Carbon Monoxide (CO)
In contrast to NOx and PM emissions, HCCI combustion typically results in
higher HC and CO emissions than conventional Diesel combustion. One factor
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that contributes to these observed levels of HC and CO emissions is the low
in-cylinder temperature due to the lean mixtures and/or high levels of EGR
which are necessary for satisfactory HCCI operation. It is well known that re-
duced burned gas temperatures lead to decreased post-combustion oxidation rates
within the cylinder and increased levels of HC and CO in the exhaust. Mixture
preparation is of great importance to HC emissions for HCCI combustion of liq-
uid fuels, for it is well known that liquid fuel deposition on combustion chamber
surfaces can result in dramatic increases in HC emissions. This problem is exac-
erbated for heavy fuels such as Diesel.
5.3 Modelling and Simulation results on HCCI
Although a lot of experimental results are available the models of the HCCI engine
are still not well developed. The fact that combustion process is mainly controlled
by chemical kinetics requires a model that incorporates detailed chemistry. Due
to the computational effort a direct numerical simulation using a fluid dynamic
code cannot be applied. A direct numerical simulation would require solving of
thousands of ordinary differential systems given by the chemical source terms as
well as solving the equations that describe the coupling of these systems. Conse-
quently, simplifying assumptions on the fluid dynamics have been made. Several
authors have modelled the HCCI as a ”compressed” PFR (cPFR) including a
detailed chemical model of the combustion process, e.g.. The cPFR includes the
volume work term in the energy conservation equation of the PFR model. These
single-zone models are quite successful at predicting the start of the combustion
if the initial conditions are known. The same type of model is used in the present
work to demonstrate the feasibility of HCCI and its advantages against conven-
tional diesel concerning emissions. Of course this type of models has limitations
and especially in predicting the unwanted emissions CO and HC which are under
predicted. These limitations exist because the single zone models assume that
the composition and temperature in the cylinder are homogeneous. Temperature
gradients within the cylinder imposed by the colder cylinder surfaces result in
significant CO and HC production and cannot be modelled with the single zone
approach. One way to overcome this problem is to introduce multi-zone mod-
els [182] that still allow for detail chemistry but account for spatial effects like
boundary layers. The multi-zone models have in common the assumption of homo-
geneity in each zone. Due to this assumption these models cannot account for the
micromixing effects caused by local inhomogeneities in the colder boundary layer.
A possible alternative to this model approach is the use of the RIF-concept which
has been succesfully used in the past for modelling diesel combustion [173–179].
Another approach using stochastic PFR models has been reported recently [183–
185].
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In the present work simple 0D single zone is used to demonstrate the feasibil-
ity of HCCI and its advantages against conventional diesel concerning emissions
and subsequently some results are compared with those obtained using the RIF-
concept to account for spatial inhomogeneity.
5.3.1 Kinetic Modelling and engine data
For the simulation results showing here the n-heptane mechanism listed in Ta-
ble A.6 has been used.Some basic parameters of both the engine geometry and
simulation structure are given in Table 5.1
Table 5.1: Engine Configuration and Simulation param-
eters
Engine Geometry
Bore (mm) 120.6
Stroke (mm) 140.0
Connecting rod length (mm) 260.0
Compression ratio 18:1
Simulation parameters
Simulation type single zone
Engine speed (rev/min) 1000
pressure at BDC (bar absolute) 1
temperature at BDC (K) 300
As has been reported above HCCI operates at high levels of EGR. Thus EGR
is one of the parameters that control HCCI operation. The influence of EGR
on HCCI operation can be distinguished in physical and chemical. The physical
effect is due to the higher initial temperature of the exhaust gases which mix
with the fresh charge, thus EGR raises the initial temperature of the mixture
what means erlier ignition, and due to the different heat capacity because of
the composition (most CO2 and H2O) of the exhaust gases. The chemical effect
is due to the composition of the EGR. Is realy EGR only CO2 and H2O or it
contains some active radicals or compounds that can enhance ignition? In Figure
5.1 is shown the influence of the initial conditions with some ppm of different
additives, on the ignition delay of a stoichiometric n-heptane-air mixture in a
homogeneous reactor at 40 bar and 800 K. We see that radicals such as O, OH,
H as it has been expected accelerate ignition even they are present at very low
levels. Interesting is that NO has also an ignition promoting effect. And NO is
present in low concentration (some ppm) in exhaust gases. Thus, full modelling
of the chemical composition of EGR is needed to capture the chemical effect of
EGR on the engine operation.
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Figure 5.1: Ignition delay time as a function of the initial concentration of different
additives in the initial mixture. Calculations represent a simple homogeneous
reactor at 40 bar and 800 K.
In Figs. 5.2-5.5 the calculated cylinder pressure as a function of crank angle
degree (CAD) is plotted, at different EGR levels and different engine speeds. We
recognize the ability to operate the engine in the HCCI mode even if the levels of
EGR are high up to 60% and at moderate high engine speeds up to 3000 rev/min,
in order to get ignition close to TDC(top dead center). Note the smooth increase
in pressure with increasing EGR rate by earlier ignition event.
Fig. 5.6 shows the maximum pressure gradient as a function of engine speed
for two different EGR rates 40 and 60 %. The maximum pressure gradient is a
limiting parameter for the normal operation of the engine, because large values
can damage it.
5.3.2 Effect of EGR
In Fig. 5.7 we show the effect on the cylinder temperature that have only 10 ppm
NO in the initial condition of the fresh mixture introduced into the engine. In
order to model fully the chemical composition of EGR in our simulation to capture
all these effects we adopt the following procedure: we start at BDC (bottom dead
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Figure 5.2: calculated cylinder pressure as a function of crank angle degree, with-
out EGR, at different engine speeds. Fuel is n-heptane.
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Figure 5.3: calculated cylinder pressure as a function of crank angle degree, at
20% EGR, at different engine speeds. Fuel is n-heptane.
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Figure 5.4: calculated cylinder pressure as a function of crank angle degree, at
40% EGR, at different engine speeds. Fuel is n-heptane.
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Figure 5.5: calculated cylinder pressure as a function of crank angle degree, at
60% EGR, at different engine speeds. Fuel is n-heptane.
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Figure 5.6: maximum pressure gradient as a function of engine speed for two
different EGR rates.
center) the calculation with the conditions listed in Table 5.1 and run till the
piston reaches the BDC again after a revolution of the engine. Thus, we simulate
the compression stroke, combustion and expansion stroke of the closed system.
After expansion, if EGR is used, we know the full composition of the exhaust
gases which we let cool artificial over an engine cycle to a certain temperature (in
these calculations 450 K) and in the next cycle we mix them with the frisch charge
to get the new set of initial conditions (φ, temperature, composition) for the next
cycle. The same procedure is repeated over a 30 cycles to get convergence. In the
Fig. 5.8 the effect of the composition of EGR compared to the dilution effect is
demonstrated.
An interesting issue is to identificate what the important reactions are which
drive the erlier ignition if the EGR rate is increasing. Fig. 5.9 shows the contribu-
tion of each of the most important reactions which produce and consume NO as a
function of crank angle degree at a speed of 1000 rev/min(rpm) for the 40% EGR
case. We recognize that at the very beginning the reaction between NO and HO2
takes place, which consumes NO that is present in EGR. This reaction produces
NO2 and OH which can attack fuel molecules or other stable molecules and can
subsequently lead to chain branching. The NO2 reacts further with H radicals to
produce NO and another OH radical. So, due to this catalytic effect of NO we
get from a HO2 (a relatively stable intermediate) and an H radical two OH and
this cycle leads to chain branching. That is the mechanism which drives ignition
at earlier stages in the presence of NO.
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Figure 5.7: calculated cylinder temperature as a function of crank angle degree at
a speed of 1000 rpm. Fuel is n-heptane. Solid line is the base case without EGR,
long dashed line is the same case with 10 ppm NO initial concentration.
In Fig. 5.10 the potential of HCCI operation at high EGR levels in reducing
NOx emissions is demonstrating.
And finally in Fig. 5.11 we like to demonstrate the ability of the RIF-concept to
simulate HCCI combustion to capture for spatial inhomogenities.
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Figure 5.8: calculated cylinder temperature as a function of crank angle degree
at a speed of 1000 rpm. Fuel is n-heptane. Solid line is the case with 40% EGR,
long dashed line is the same case by substituting EGR with nitrogen (dilution)
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Figure 5.9: Production rate of NO as a function of crank angle degree at a speed
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of 1000 rpm for different EGR rates
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Figure 5.11: Comparisson between calculated cylinder pressure with two different
models at a speed of 1000 rpm, and without EGR. Fuel is n-heptane, initial
fuel-air-equivalence ratio 0.3 and Compression Ratio CR = 10.9
Chapter 6
Summary and Conclusions
The origins of detailed and reduced kinetic models for alkane and aromatic hy-
drocarbons oxidation and ignition have been traced in this study and their de-
velopment and application in the prediction of some aspects of hydrocarbon fuels
have been explored. The scope and limitations for the application of certain for-
mal model structures has been illustrated. As has been emphasized, the major
objective in development and use of kinetic models has been concerned with
autoignition and homogeneous combustion as a promising combustion mode for
reducing emissions in reciprocating engines.
Clearly, there is a need for models that can be used in conjuction with fluid dy-
namic codes and for this purpose brevity is pre-requisite. There is an empiricism
associated with very brief models, which then puts considerable demands on the
means and extent of validation of the model. Comprehensive kinetic schemes can
play a very important part in the validation process, but it would seem that
more has yet to be achieved in validating comprehensive models as a satisfactory
benchmark for hydrocarbon combustion in the low temperature region.
A major objective of this work has been to develop kinetic mechanisms for model
fuels in order to simulate the complex physico-chemical interactions in practi-
cal combustion systems. The mechanisms after they have been assembled , have
been validated against a wide range of combustion regimes. The latter include
laminar premixed and diffusion flames as well plug flow reactors and shock tubes.
In Chapter 3 a mechanism for n-heptane is presented and succesfully validated
against experimental data. The agreement between calculations and measure-
ments is very well. After that a mechanism of n-decane which has to be the
aliphatic compound for surrogate fuels to represent diesel and kerosene has been
extensively validated. In this mechanism only a small number of chemical species
and reactions has been retained without losing accuracy. This is of great advan-
tage for using detailed chemistry in the flamelet model [26] for describing the
chemistry-turbulence interactions when simulating autoignition, combustion or
pollutant formation in internal combustion engines [6], [83]. The mechanism’s
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ability to reproduce the main experimental observations on intermediate species
has been demonstrated by examining successively the main steps of the mech-
anism for the combustion of n-decane. The agreement between calculated and
experimental mole fraction profiles is good for most species. Computed laminar
burning velocities, ignition delay times in shock tubes and oxidation in jet-stirred
reactors at moderate pressure show good agreement with the experimental data.
Toluene and 1,2,4-trimethylbenzene have also succesfully been modeled. After
that an extensively investigation of the autoignition in strained flow fields for all
the above fuels has taken place.
In chapter 4 different methods for reducing chemical mechanisms are briefly de-
scribed. Then an algorithm [158] based on the CSP (Computational Singular
Perturbation) method [140] is used to derive a reduced mechanism for n-heptane.
Finally in chapter 5 a new combustion mode the so called Homogeneous Charge
Compression Ignition (HCCI) has been presented. The feasibility of of this com-
bustion mode has been analyzed and the potential to reduce emissions especially
Ruß and NOx has been demonstrated.
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Table A.1: C1-C4 basis mechanism. Rate constants are written as
AT nexp(−E/RT ). The units are, mol, cm3, s, kJ, K
Nr. Reaction A n E Ref.
1.1 H2/O2 Reactions
1f H + O2 → OH + O 9.756×1013 0 62.1 [84]
2f O + H2 → OH + H 5.119×1004 2.67 26.3 [84]
3f OH + H2 → H2O + H 1.024×1008 1.60 13.8 [84]
4f 2OH → H2O + O 1.506×1009 1.14 0.42 [84]
1.2 HO2 Reactions
5fa H + O2 + M1 → HO2 + M1 3.535×1018 -0.80 0 [84]
6f HO2 + H → 2OH 1.686×1014 0 3.66 [84]
7f HO2 + H → H2 + O2 4.276×1013 0 5.9 [84]
8f HO2 + OH → H2O + O2 2.891×1013 0 -2.1 [84]
9f HO2 + H → H2O + O 3.011×1013 0 7.2 [84]
10f HO2 + O → OH + O2 3.192×1013 0 0 [84]
1.3 H2O2 Reactions
11.1f 2HO2 → H2O2 + O2 4.215×1014 0 50.1 [84]
11.2f 2HO2 → H2O2 + O2 1.325×1011 0 -6.82 [84]
12f H2O2 + H → H2O + OH 1.024×1013 0 15 [84]
13f H2O2 + H → HO2 + H2 1.686×1012 0 15.7 [84]
14f H2O2 + O → OH + HO2 6.624×1011 0 16.6 [84]
15f H2O2 + OH → H2O + HO2 7.829×1012 0 5.57 [84]
16fb 2OH + M1 → H2O2 + M1 k0 5.530×1019 -0.76 0 [84]
k∞ 7.226×1013 -0.37 0
1.4 Recombination Reactions
17fa 2H + M1 → H2 + M1 1.865×1018 -1.00 0 [85]
18fa H + OH + M1 → H2O + M1 2.212×1022 -2.00 0 [85]
19fa 2O + M1 → O2 + M1 2.857×1017 -1.00 0 [85]
2. CO/CO2 Reactions
20f CO + OH → CO2 + H 4.400×1006 1.50 -3.1 [84]
21f CO + HO2 → CO2 + OH 1.510×1014 0 98.9 [86]
22fb CO + O + M1 → CO2 + M1 k0 1.350×1024 -2.79 17.5 [63]
k∞ 1.800×1010 0 9.96
23f CO + O2 → CO2 + O 2.510×1012 0 200 [84]
2.1 CH Reactions
24f CH + O → CO + H 4.000×1013 0 0 [84]
25f CH + OH → HCO + H 5.700×1012 0 -3.2 [85]
26f CH + O2 → HCO + O 7.500×1013 0 0 [87]
27f CH + CO2 → HCO + CO 1.900×1014 0 66.1 [87]
28f CH + 3-CH2 → C2H2 + H 4.000×1013 0 0 [89]
29f CH + CH3 → C2H3 + H 3.000×1013 0 0 [89]
2.3 HCO Reactions
30fa HCO + M1 → CO + H + M1 7.000×1014 0 70.3 [85]
31f HCO + H → CO + H2 9.033×1013 0 0 [84]
32f HCO + O → CO + OH 3.011×1013 0 0 [84]
33f HCO + O → CO2 + H 3.011×1013 0 0 [84]
34f HCO + OH → CO + H2O 1.024×1014 0 0 [84]
35f HCO + O2 → CO + HO2 3.011×1012 0 0 [84]
36f 2HCO → CH2O + CO 3.011×1013 0 0 [84]
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Table A.1: (continued)
2.4 3−CH2 Reactions
37f CH + H2 → H + 3-CH2 1.110×1008 1.79 7 [92]
38f 3-CH2 + H2 → H + CH3 5.000×1005 2.00 30.3 [92]
39f 3-CH2 + O → CO + H2 4.818×1013 0 0 [84]
40 3-CH2 + O → CO + 2H 7.227×1013 0 0 [84]
41f 3-CH2 + OH → CH + H2O 1.130×1007 2.00 12.6 [89]
42f 3-CH2 + OH → CH2O + H 2.000×1013 0 0 [89]
43f 23-CH2 → C2H2 + 2H 1.200×1014 0 3.34 [84]
44f 3-CH2 + CH3 → C2H4 + H 4.215×1013 0 0 [84]
45 3-CH2 + O2 → CO + OH + H 1.300×1013 0 6.2 [85]
46 3-CH2 + O2 → CO2 + H2 1.200×1013 0 6.2 [85]
2.5 1−CH2 Reactions
47fa 1-CH2 + M1 → 3-CH2 + M1 1.500×1013 0 0 est.
48f 1-CH2 + H2 → CH3 + H 7.227×1013 0 0 [93]
49 1-CH2 + O2 → CO + OH + H 3.130×1013 0 0 [93]
50f 1-CH2 + C2H4 → C3H6 9.635×1013 0 0 [84]
51f 1-CH2 + CO2 → CO + CH2O 1.400×1013 0 0 [92]
52f 1-CH2 + CH4 → 2CH3 1.600×1013 0 -2.4 [92]
53f H + 1-CH2 → CH + H2 3.000×1013 0 0 [92]
54f OH + 1-CH2 → H + CH2O 3.000×1013 0 0 [92]
2.6 CH2O Reactions
55 CH2O + H → HCO + H2 1.260×1008 1.62 9.06 [93]
56 CH2O + OH → HCO + H2O 3.433×1009 1.18 -1.9 [93]
57a CH2O + M1 → HCO + H + M1 1.620×1036 -5.54 405 [93]
58f CH2O + O2 → HCO + HO2 6.022×1013 0 170 [84]
2.7 CH3 Reactions
59f 2CH3 → C2H5 + H 3.160×1013 0 61.4 [94]
60b 2CH3 → C2H6 k0 1.272×1041 -7.00 11.6 [93]
k∞ 1.813×1013 0 0
61 2CH3 → C2H4 + H2 1.000×1014 0 134 [95]
62a CH3 + M1 → 3-CH2 + H + M1 1.024×1016 0 379 [84]
63f CH3 + O → CH2O + H 8.430×1013 0 0 [84]
64f CH3 + OH → CH2OH + H 2.640×1019 -1.80 33.8 [93]
65f OH + CH3 → 3-CH2 + H2O 5.600×1007 1.60 22.7 [92]
66f OH + CH3 → 1-CH2 + H2O 2.500×1013 0 0 [92]
67f CH3 + OH → CH3O + H 5.740×1012 -0.23 58.3 [96]
68f CH3 + HO2 → CH3O + OH 1.800×1013 0 0 [84]
69f CH3 + HO2 → CH4 + O2 3.600×1012 0 0 [85]
70f CH3 + O2 → CH2O + OH 3.600×1010 0 37.4 [60]
71f CH3 + O2 → CH3O + O 1.330×1014 0 131 [?]
72fb CH3 + H → CH4 k0 6.257×1023 -1.80 0 [84]
k∞ 2.108×1014 0 0
2.8 CH3O Reactions
73fa CH3O + M1 → CH2O + H + M1 1.000×1013 0 56.5 [?]
74f CH3O + H → CH2O + H2 1.800×1013 0 0 [84]
75f CH3O + O2 → CH2O + HO2 4.280×10−13 7.60 0 [60]
76f CH3O + O → CH2O + OH 1.400×1012 0 0 [85]
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Table A.1: (continued)
2.9 CH2OH Reactions
77a CH2OH + M1 → CH2O + H + M1 5.000×1013 0 105 [85]
78 CH2OH + H → CH2O + H2 3.000×1013 0 0 [85]
79f CH2OH + O2 → CH2O + HO2 1.000×1013 0 30 [85]
3.0 CH4 Reactions
80f CH4 + H → CH3 + H2 1.300×1004 3.00 33.6 [85]
81f CH4 + O → CH3 + OH 7.227×1008 1.56 35.5 [84]
82f CH4 + OH → CH3 + H2O 1.560×1007 1.83 11.6 [84]
83f CH4 + HO2 → CH3 + H2O2 9.030×1012 0 103 [84]
84f CH4 + 3-CH2 → 2CH3 1.300×1013 0 39.9 [85]
85f CH4 + CH → C2H4 + H 3.000×1013 0 -1.7 [84]
3.1 CH3OH Reactions
86fb OH + CH3 → CH3OH k0 1.596×1044 -8.20 0 [84]
k∞ 6.022×1013 0 0
87f CH3OH + H → CH2OH + H2 4.000×1013 0 25.5 [97]
88f CH3OH + H → CH3O + H2 4.000×1012 0 25.5 [97]
89f CH3OH + O → CH2OH + OH 1.000×1013 0 19.6 [85]
90f CH3OH + OH → CH2OH + H2O 3.550×1004 2.65 -3.7 [99]
91f CH3OH + CH3 → CH4 + CH2OH 9.000×1012 0 41.1 [85]
92f CH3OH + HO2 → CH2OH + H2O2 6.200×1012 0 81.1 [85]
92b CH2OH + H2O2 → CH3OH + HO2 1.000×1007 1.70 47.9 [85]
4.0 C2H/HCCO Reactions
93f C2H + O → CO + CH 1.024×1013 0 0 [84]
94f C2H + O2 → HCCO + O 1.800×1013 0 0 [84]
95f HCCO + H → 1-CH2 + CO 1.500×1014 0 0 [100]
96 HCCO + O → 2CO + H 1.000×1014 0 0 [100]
97f HCCO + O2 → HCO + CO2 8.130×1011 0 3.58 [84]
98f HCCO + O2 → 2CO + OH 8.130×1011 0 3.58 [84]
4.1 C2H2 Reactions
99f 23-CH2 → C2H2 + H2 1.204×1013 0 3.34 [84]
100f C2H2 + O2 → HCCO + OH 2.000×1008 1.50 126 [85]
101 C2H2 + O2 → C2H + HO2 1.200×1013 0 312 [101]
102f C2H2 + H → C2H + H2 6.620×1013 0 116 [84]
103f C2H2 + OH → C2H + H2O 3.380×1007 2.00 58.5 [101]
104f C2H2 + O → 3-CH2 + CO 2.168×1006 2.10 6.57 [84]
105f C2H2 + O → HCCO + H 5.059×1006 2.10 6.57 [84]
106fa CH2CO + M1 → 3-CH2 + CO + M1 1.000×1016 0 248 [85]
107f CH2CO + H → CH3 + CO 4.200×1013 0 16.1 [102]
108f CH2CO + O → 2HCO 2.300×1012 0 2.9 [102]
109f CH2CO + OH → CH2O + HCO 1.000×1013 0 0 [85]
4.2 C2H3 Reactions
110fb C2H3 → C2H2 + H k0 4.153×1041 -7.50 190 [84]
k∞ 2.000×1014 0 166
111f C2H3 + H → C2H2 + H2 1.200×1013 0 0 [85]
112f C2H3 + O → C2H2 + OH 1.000×1013 0 0 [85]
113f C2H3 + OH → C2H2 + H2O 2.000×1013 0 0 [101]
114f C2H3 + O → CH3 + CO 1.000×1013 0 0 [85]
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115f C2H3 + O → HCO + 3-CH2 1.000×1013 0 0 [85]
116f C2H3 + O2 → CH2O + HCO 1.700×1029 -5.31 27.2 [82]
117f C2H3 + O2 → CH2CHO + O 3.500×1014 -0.61 22 [82]
118.1f C2H3 + O2 → C2H2 + HO2 5.190×1015 -1.26 13.8 [82]
118.2f C2H3 + O2 → C2H2 + HO2 2.120×10−06 6.00 39.6 [82]
4.3 CH3CO and CH3CHO Reactions
119f CH3CO → CH3 + CO 2.320×1026 -5.00 75.1 [85]
120f CH3CO + H → CH2CO + H2 2.000×1013 0 0 [85]
121f CH3CO + CH3 → C2H6 + CO 5.000×1013 0 0 [101]
122fa CH3CHO + M1 → CH3 + HCO + M1 7.000×1015 0 343 [102]
123f CH3CHO + H → CH3CO + H2 2.100×1009 1.16 10.1 [102]
124f CH3CHO + H → CH2CHO + H2 2.000×1009 1.16 10.1 [102]
125f CH3CHO + O → CH3CO + OH 5.000×1012 0 7.6 [102]
126f CH3CHO + O → CH2CHO + OH 8.000×1011 0 7.6 [102]
127f CH3CHO + OH → CH3CO + H2O 2.300×1010 0.73 -4.7 [102]
128f CH3CHO + HO2 → CH3CO + H2O2 3.000×1012 0 50 [102]
129f CH3CHO + O2 → CH3CO + HO2 4.000×1013 0 164 [102]
130f CH3CHO + 3-CH2 → CH3CO + CH3 2.500×1012 0 15.9 [102]
131f CH3CHO + CH3 → CH3CO + CH4 2.000×10−06 5.54 10.3 [102]
4.4 C2H4 Reactions
132fa C2H4 + M1 → C2H2 + H2 + M1 3.500×1016 0 299 [101]
133a C2H4 + M1 → C2H3 + H + M1 7.300×1017 0 404 [84]
134f C2H4 + H → C2H3 + H2 5.400×1014 0 62.4 [84]
135f C2H4 + OH → C2H3 + H2O 2.048×1013 0 24.9 [84]
136f C2H4 + O → CH3 + HCO 1.355×1007 1.88 0.748 [84]
137f 1-CH2 + CH3 → H + C2H4 1.200×1013 0 -2.4 [84]
4.5 C2H5 Reactions
138fb C2H5 → C2H4 + H k0 1.000×1017 0 140 [84]
k∞ 8.200×1013 0 167
138bb C2H4 + H → C2H5 k0 4.715×1018 0 3.16 [84]
k∞ 3.975×1009 1.28 5.4
139f C2H5 + CH3 → C2H4 + CH4 1.140×1012 0 0 [85]
140f C2H5 + O2 → C2H4 + HO2 1.024×1010 0 -9.15 [84]
141f C2H5 + O → CH2O + CH3 6.624×1013 0 0 [84]
4.6 C2H6 Reactions
142f C2H6 + H → C2H5 + H2 1.400×1009 1.50 31.1 [84]
143f C2H6 + O → C2H5 + OH 1.000×1009 1.50 24.4 [84]
144f C2H6 + OH → C2H5 + H2O 7.200×1006 2.00 3.6 [84]
145f C2H6 + CH3 → C2H5 + CH4 1.500×10−07 6.00 25.4 [84]
146f C2H6 + HO2 → C2H5 + H2O2 1.700×1013 0 85.9 [84]
147f C2H6 + O2 → C2H5 + HO2 6.000×1013 0 217 [84]
148f C2H6 + 3-CH2 → C2H5 + CH3 2.200×1013 0 36.3 [85]
5.0 C3H3 Reactions
149f C2H2 + CH → C3H3 3.000×1013 0 0 [78]
150f C2H2 + 1-CH2 → C3H3 + H 1.800×1014 0 0 [102]
151f C2H2 + 3-CH2 → C3H3 + H 1.200×1013 0 27.6 [102]
152f C2H2 + HCCO → C3H3 + CO 1.000×1011 0 12.5 [102]
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153f C3H3 + O → CH2O + C2H 2.000×1013 0 0 [101]
154f C3H3 + O → C2H2 + CO + H 1.400×1014 0 0 [101]
155f C3H3 + 3-CH2 → C4H4 + H 4.000×1013 0 0 [101]
156f C3H3 + CH3 → C2H5 + C2H 1.000×1013 0 157 [101]
157f C3H3 + O2 → HCO + CH2CO 3.010×1010 0 12 [101]
158f C3H3 + O → C2H3 + CO 3.800×1013 0 0 [101]
159f C3H3 + CH → U-C4H3 + H 7.000×1013 0 0 [101]
5.1 C3H4 and p−C3H4 Reactions
160fa C3H4 + M1 → C3H3 + H + M1 2.000×1018 0 334 [101]
161f C3H4 + H → C3H3 + H2 2.000×1007 2.00 20.9 [101]
162f C3H4 + CH3 → C3H3 + CH4 2.000×1011 0 32.2 [101]
163f C3H4 + OH → C3H3 + H2O 2.000×1007 2.00 4.18 [101]
164f C3H4 + H → C3H5 2.000×1012 0 11.3 [101]
165f C3H4 → P-C3H4 1.200×1015 0 386 [101]
166f P-C3H4 + H → C2H2 + CH3 1.300×1005 2.50 4.18 [101]
167f P-C3H4 + OH → C3H3 + H2O 2.000×1007 2.00 4.18 [101]
168f P-C3H4 + CH3 → C3H3 + CH4 1.500×1000 3.50 23.4 [101]
5.2 C3H5 Reactions
169f P-C3H5 → C3H4 + H 3.980×1013 0 293.1 [101]
170f C3H5 + H → C3H4 + H2 3.330×1012 0 0 [101]
171f C3H5 + O2 → C3H4 + HO2 6.000×1011 0 41.9 [102]
5.3 C3H6 Reactions
172f C3H6 → C2H3 + CH3 3.150×1015 0 359 [102]
173f C3H6 + H → C3H5 + H2 5.000×1012 0 6.3 [102]
174f C3H6 + OH → C3H5 + H2O 4.000×1012 0 0 [102]
175f C3H6 + CH3 → C3H5 + CH4 8.960×1012 0 35.6 [102]
176f C3H6 + O → C2H4 + CH2O 5.900×1013 0 21 [102]
177f C3H6 + O → C2H5 + HCO 3.600×1012 0 0 [102]
178f C3H6 + OH → C2H5 + CH2O 7.900×1012 0 0 [102]
5.4 N−C3H7 and I−C3H7 Reactions
179f N-C3H7 → CH3 + C2H4 9.600×1013 0 130 [102]
180f N-C3H7 → H + C3H6 1.250×1014 0 155 [102]
181f N-C3H7 + O2 → C3H6 + HO2 1.000×1012 0 20.9 [102]
182f I-C3H7 → C3H6 + H 6.300×1013 0 154 [102]
183f I-C3H7 → C2H4 + CH3 2.000×1010 0 124 [102]
184f I-C3H7 + O2 → C3H6 + HO2 1.000×1012 0 20.9 [102]
5.5 C3H8 Reactions
185f C2H5 + CH3 → C3H8 7.000×1012 0 0 [102]
186f C3H8 + H → I-C3H7 + H2 1.000×1014 0 34.9 [102]
187f C3H8 + H → N-C3H7 + H2 1.300×1014 0 40.6 [102]
188f C3H8 + O → I-C3H7 + OH 2.600×1013 0 18.7 [102]
189f C3H8 + O → N-C3H7 + OH 3.000×1013 0 24.1 [102]
190f C3H8 + OH → I-C3H7 + H2O 2.800×1012 0 3.6 [102]
191f C3H8 + OH → N-C3H7 + H2O 3.700×1012 0 6.9 [102]
192 C3H8 + HO2 → I-C3H7 + H2O2 2.000×1012 0 71.2 [102]
193 I-C3H7 + H2O2 → C3H8 + HO2 4.160×1011 0 31.1 [102]
194 C3H8 + HO2 → N-C3H7 + H2O2 1.700×1013 0 85.7 [102]
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195 N-C3H7 + H2O2 → C3H8 + HO2 2.330×1012 0 41.1 [102]
196 C3H8 + CH3 → CH4 + I-C3H7 1.300×1012 0 48.6 [102]
197 I-C3H7 + CH4 → CH3 + C3H8 1.010×1013 0 77.7 [102]
198 CH3 + C3H8 → CH4 + N-C3H7 4.000×1011 0 39.8 [102]
199 N-C3H7 + CH4 → CH3 + C3H8 3.120×1012 0 68.9 [102]
200 C3H8 + O2 → I-C3H7 + HO2 4.000×1013 0 199 [102]
201 I-C3H7 + HO2 → C3H8 + O2 2.080×1012 0 0 [102]
202 C3H8 + O2 → N-C3H7 + HO2 4.000×1013 0 199 [102]
203 N-C3H7 + HO2 → C3H8 + O2 2.080×1012 0 0 [102]
204 C3H8 + CH3O → N-C3H7 + CH3OH 3.000×1011 0 29.3 [102]
205 N-C3H7 + CH3OH → C3H8 + CH3O 1.220×1010 0 38.5 [102]
206 C3H8 + CH3O → I-C3H7 + CH3OH 3.000×1011 0 29.3 [102]
207 I-C3H7 + CH3OH → C3H8 + CH3O 1.220×1010 0 38.5 [102]
6.0 C4H2 Reactions
208f C2H2 + C2H → C4H2 + H 3.000×1013 0 0 [85]
209f C4H2 + OH → C2H2 + HCCO 1.500×1013 0 0 [85]
6.1 u−C4H3 and s−C4H3 Reactions
210f C2H2 + C2H → U-C4H3 1.200×1012 0 0 [102]
211f 2C2H2 → U-C4H3 + H 2.000×1013 0 226 [78]
212fa U-C4H3 + M1 → C4H2 + H + M1 1.000×1016 0 250 [103]
213fa S-C4H3 + M1 → C4H2 + H + M1 1.000×1016 0 250 [103]
214f U-C4H3 + H → C4H2 + H2 2.000×1013 0 0 [103]
215f S-C4H3 + H → C4H2 + H2 2.000×1013 0 0 [103]
216 U-C4H3 + O2 → C2H + 2HCO 1.000×1012 0 8.4 [102]
217 S-C4H3 + O2 → C2H + CH2O + CO 1.000×1012 0 8.4 [102]
6.2 C4H4 Reactions
218f C2H2 + C2H3 → C4H4 + H 1.600×1013 0 105 [103]
219fa U-C4H3 + H + M1 → C4H4 + M1 1.000×1015 0 0 [103]
220fa S-C4H3 + H + M1 → C4H4 + M1 1.000×1015 0 0 [103]
221f C4H4 + H → U-C4H3 + H2 1.500×1014 0 42.7 [103]
222f C4H4 + H → S-C4H3 + H2 1.500×1014 0 42.7 [103]
223f C4H4 + OH → U-C4H3 + H2O 7.000×1013 0 12.6 [103]
224f C4H4 + OH → S-C4H3 + H2O 7.000×1013 0 12.6 [103]
225f C4H4 + C2H → U-C4H3 + C2H2 4.000×1013 0 0 [103]
226f C4H4 + C2H → S-C4H3 + C2H2 4.000×1013 0 0 [103]
227f C4H4 + C2H → C4H2 + C2H3 1.000×1013 0 0 [103]
6.3 u−C4H5 and s−C4H5 Reactions
228f C2H2 + C2H3 → U-C4H5 1.200×1012 0 0 [102]
229f C4H4 + H → S-C4H5 5.500×1012 0 10 [102]
230f C4H4 + H → U-C4H5 5.500×1012 0 10 [103]
231f S-C4H5 + H → C4H4 + H2 2.000×1013 0 0 [102]
232f U-C4H5 + H → C4H4 + H2 2.000×1013 0 0 [102]
233f U-C4H5 + H → S-C4H5 + H 1.000×1014 0 0 [102]
234 U-C4H5 + O2 → C2H3 + 2HCO 1.000×1012 0 8.4 [102]
235 S-C4H5 + O2 → C2H3 + CO + CH2O 1.000×1012 0 8.4 [102]
6.4 C4H6 Reactions
236f C4H6 → 2C2H3 4.030×1019 -1.00 411 [102]
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237f C2H3 + C2H4 → C4H6 + H 1.000×1011 0 30.5 [102]
238 C3H3 + CH3 → C4H6 2.000×1012 0 0 [104]
239 C4H6 → C3H3 + CH3 1.000×1012 0 249 [105]
240f C4H6 + H → U-C4H5 + H2 3.000×1007 2.00 54.4 [102]
241f C4H6 + H → S-C4H5 + H2 3.000×1007 2.00 25.1 [102]
242f C4H6 + OH → U-C4H5 + H2O 2.000×1007 2.00 20.9 [102]
243f C4H6 + OH → S-C4H5 + H2O 2.000×1007 2.00 8.4 [102]
244f C4H6 + O → C2H4 + CH2CO 1.000×1012 0 0 [102]
245f C4H6 + O → CH2O + C3H4 1.000×1012 0 0 [102]
246f C4H6 + OH → C2H5 + CH2CO 1.000×1012 0 0 [102]
247f C4H6 + OH → CH2O + C3H5 2.000×1012 0 0 [102]
248f C4H6 + OH → C2H3 + CH3CHO 5.000×1012 0 0 [102]
6.5 C4H7 Reactions
249f C4H7 → C4H6 + H 1.200×1014 0 206 [102]
250f C4H7 → C2H4 + C2H3 1.000×1011 0 155 [102]
251f H + C4H7 → C4H6 + H2 3.160×1012 0 0 [102]
252f C4H7 + O2 → C4H6 + HO2 1.000×1011 0 0 [102]
253f 2C4H7 → C4H6 + 1-C4H8 3.160×1012 0 0 [102]
254f C4H7 + CH3 → C4H6 + CH4 1.000×1013 0 0 [102]
255f C4H7 + C2H3 → C4H6 + C2H4 4.000×1012 0 0 [102]
256f C4H7 + C2H5 → C4H6 + C2H6 4.000×1012 0 0 [102]
257f C4H7 + C2H5 → 1-C4H8 + C2H4 5.000×1011 0 0 [102]
258f C4H7 + C3H5 → C4H6 + C3H6 4.000×1013 0 0 [102]
6.6 C4H8 Reactions
259f 1-C4H8 → C3H5 + CH3 8.000×1016 0 307 [102]
260f 1-C4H8 → C2H3 + C2H5 2.000×1018 -1.00 405 [102]
261f 1-C4H8 → H + C4H7 4.110×1018 -1.00 408 [102]
262f 1-C4H8 + H → C4H7 + H2 5.000×1013 0 16.3 [102]
263f 1-C4H8 + O → CH3CHO + C2H4 2.505×1012 0 0 [102]
264f 1-C4H8 + O → CH3 + C2H5 + CO 1.625×1013 0 3.6 [102]
265f 1-C4H8 + O → C3H6 + CH2O 7.230×1005 2.30 -4.4 [102]
266f 1-C4H8 + O → C4H7 + OH 1.300×1013 0 18.8 [102]
267f 1-C4H8 + OH → CH3CHO + C2H5 1.000×1011 0 0 [102]
268f 1-C4H8 + OH → CH3 + C2H6 + CO 1.000×1010 0 0 [102]
269f 1-C4H8 + OH → N-C3H7 + CH2O 6.500×1012 0 0 [102]
270f 1-C4H8 + OH → C4H7 + H2O 1.750×1013 0 29.1 [102]
271f 1-C4H8 + CH3 → C4H7 + CH4 1.000×1011 0 30.6 [102]
272f 1-C4H8 + O2 → C4H7 + HO2 4.000×1012 0 167 [102]
273f 1-C4H8 + HO2 → C4H7 + H2O2 1.000×1011 0 71.4 [102]
274f 1-C4H8 + C2H5 → C4H7 + C2H6 1.000×1011 0 33.5 [102]
275 1-C4H8 + C3H5 → C4H7 + C3H6 8.000×1010 0 51.9 [102]
∗ preexponential factor has been multiplied by a factor 2.5
a Third Body efficiencies are
[M1] = 0.4[N2] + 0.4[O2] + 1.0[H2] + 6.5[H2O] + 0.75[CO] + 1.5[CO2] + 3.0[CH4]
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b For those rate constants k which depend on pressure, k0 and k∞ are given in
the table; the Troe Formula is
k =
k0k∞[M ]
k∞ + k0[M ]
F
logF =
logFc
1.0 + [
log k0[M ]
k∞ − 0.4− 0.67 · logFc
N − 0.14 · (log k0[M ]
k∞ − 0.4− 0.67 · logFc)
]2
N = 0.75− 1.27 · logFc
Broadening functions Fc are
Fc16 = 0.5
Fc22 = 1.0
Fc62 = 0.38 · exp(−T/73.0) + 0.62 · exp(−T/1180.0)
Fc73 = 0.577 · exp(−T/2370.0)
Fc89 = 0.18 · exp(−T/200.0) + 0.82 · exp(−T/1438.0)
Fc114 = 0.35
Fc143 = 0.25 · exp(−T/97.0) + 0.75 · exp(−T/1379.0)
Fc144 = 0.24 · exp(−T/40.0) + 0.76 · exp(−T/1025.0)
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Table A.2: n-Decane Submechanism. Rate constants are written as
AT nexp(−E/RT ). The units are, mol, cm3, s, kJ, K
Nr. Reaction A n E Ref.
5.8 C4H9 Reactions
276f P-C4H9 → C2H5 + C2H4 2.500×1013 0 121 [160]
277f P-C4H9 → 1-C4H8 + H 1.260×1013 0 162 [160]
278f P-C4H9 + O2 → 1-C4H8 + HO2 1.000×1012 0 8.4 [160]
6.1 C5H9 Reactions
279 C5H9 → C3H5 + C2H4 2.500×1013 0 126 [160]
280 C5H9 → C2H3 + C3H6 2.500×1013 0 126 [160]
6.2 C5H10 Reactions
281f 1-C5H10 → C2H5 + C3H5 3.160×1016 0 339 [160]
282 1-C5H10 + H → C5H9 + H2 2.800×1013 0 16.8 [160]
283 1-C5H10 + O → C5H9 + OH 2.540×1005 2.60 -4.7 [160]
284 1-C5H10 + OH → C5H9 + H2O 6.800×1013 0 12.8 [160]
285 1-C5H10 + CH3 → C5H9 + CH4 1.000×1011 0 30.6 [160]
6.3 C5H11 Reactions
286 1-C5H11 → C2H4 + N-C3H7 2.500×1013 0 120 [160]
7.1 C6H12 Reactions
287 1-C6H12 → N-C3H7 + C3H5 3.160×1016 0 339 [160]
288 1-C6H12 + H → C4H7 + C2H4 + H2 2.800×1007 2.00 32.2 [160]
289 1-C6H12 + H → C3H5 + C3H6 + H2 8.000×1006 2.00 20.9 [160]
290 1-C6H12 + H → 1-C4H8 + C2H3 + H2 8.000×1006 2.00 20.9 [160]
291 1-C6H12 + O → C4H7 + C2H4 + OH 5.000×1013 0 32.9 [160]
292 1-C6H12 + O → C3H5 + C3H6 + OH 2.800×1013 0 21.8 [160]
293 1-C6H12 + O → 1-C4H8 + C2H3 + OH 2.800×1013 0 21.8 [160]
294 1-C6H12 + OH → C4H7 + C2H4 + H2O 4.300×1009 1.10 7.6 [160]
295 1-C6H12 + OH → C3H5 + C3H6 + H2O 1.300×1009 1.30 2.9 [160]
296 1-C6H12 + OH → 1-C4H8 + C2H3 + H2O 1.300×1009 1.30 2.9 [160]
7.2 C6H13 Reactions
297 1-C6H13 → P-C4H9 + C2H4 2.500×1013 0 120 [160]
8.1 C7H14 Reactions
298 1-C7H14 → P-C4H9 + C3H5 3.160×1016 0 339 [160]
299 1-C7H14 + H → 3C2H4 + CH3 7.200×1012 2.00 12.1 [160]
300 1-C7H14 + H → C3H6 + C2H5 + C2H4 7.200×1012 1.30 5.43 [160]
301 1-C7H14 + H → C2H4 + C4H6 + H2 + CH3 5.800×1004 2.50 1.21 [160]
302 1-C7H14 + OH → C2H4 + C4H6 + H2O + CH3 3.000×1006 2.00 -6.3 [160]
303 1-C7H14 + HO2 → H2O2 + C2H4 + C4H6 + CH3 6.400×1003 2.60 51.8 [160]
304 1-C7H14 + C2H5 → C2H6 + C2H4 + C4H6 + CH3 1.400×1000 3.50 18.1 [160]
305 1-C7H14 + O → OH + C2H4 + C4H6 + CH3 9.200×1010 0.70 16 [160]
8.2 C7H15 Reactions
306 1-C7H15 → 1-C5H11 + C2H4 2.000×1013 0 120 [160]
307 1-C7H15 + O2 → 1-C7H14 + HO2 3.200×1012 0 20.9 [160]
308 1-C7H15 → 1-C5H10 + C2H5 4.000×1013 0 120 [160]
309 1-C7H15 → 1-C4H8 + N-C3H7 2.000×1013 0 120 [160]
310 1-C7H15 → 1-C6H12 + CH3 2.000×1013 0 130 [160]
311 1-C7H15 → P-C4H9 + C3H6 2.000×1013 0 120 [160]
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9.1 C10H21 Reactions
312 2-C10H21 → 1-C7H15 + C3H6 2.500×1013 0 118 [160]
313 3-C10H21 → 1-C6H13 + 1-C4H8 2.500×1013 0 118 [160]
9.2 C10H22 Reactions
314 N-C10H22 → 21-C5H11 3.200×1016 0 339 [160]
315 N-C10H22 → P-C4H9 + 1-C6H13 3.400×1016 0 348 [160]
316 N-C10H22 → N-C3H7 + 1-C7H15 3.100×1016 0 353 [160]
317 N-C10H22 + O2 → 3-C10H21 + HO2 1.000×1014 0 199 [160]
318 N-C10H22 + O2 → 2-C10H21 + HO2 1.000×1014 0 199 [160]
319 N-C10H22 + OH → 3-C10H21 + H2O 1.300×1007 2.00 -3.2 [160]
320 N-C10H22 + OH → 2-C10H21 + H2O 1.300×1007 2.00 -3.2 [160]
321 N-C10H22 + HO2 → 3-C10H21 + H2O2 4.200×1012 0 71.2 [160]
322 N-C10H22 + HO2 → 2-C10H21 + H2O2 4.200×1012 0 71.2 [160]
323 N-C10H22 + CH3 → 3-C10H21 + CH4 1.000×1012 0 40.1 [160]
324 N-C10H22 + CH3 → 2-C10H21 + CH4 1.000×1012 0 40.1 [160]
325 N-C10H22 + H → 3-C10H21 + H2 4.500×1007 2.00 20.9 [160]
326 N-C10H22 + H → 2-C10H21 + H2 4.500×1007 2.00 20.9 [160]
327 N-C10H22 + O → 3-C10H21 + OH 3.250×1013 0 21.8 [160]
328 N-C10H22 + O → 2-C10H21 + OH 3.250×1013 0 21.8 [160]
329 2-C10H21 → 3-C10H21 2.000×1011 0 75.8 [160]
330 2-C10H21 → 3-C10H21 2.000×1011 0 75.8 [160]
9.3 Low temperature Reactions
331f 2-C10H21 + O2 → 2-RO2-C10H21O2 5.000×1012 0 0 [160]
331b 2-RO2-C10H21O2 → 2-C10H21 + O2 2.000×1020 -1.70 149 [160]
332f 3-C10H21 + O2 → 2-RO2-C10H21O2 5.000×1012 0 0 [160]
332b 2-RO2-C10H21O2 → 3-C10H21 + O2 2.000×1020 -1.70 149 [160]
333f 2-RO2-C10H21O2 → C10H20OOH 2.000×1011 0 71.2 [160]
333b C10H20OOH → 2-RO2-C10H21O2 1.000×1011 0 52.3 [160]
334f C10H20OOH → 1-C10H20 + HO2 8.500×1012 0 107 [160]
334b HO2 + 1-C10H20 → C10H20OOH 1.348×1012 0 83.1 [160]
335f 1-C10H20 → 1-C7H15 + C3H5 3.500×1016 0 297 [160]
335b C3H5 + 1-C7H15 → 1-C10H20 2.577×1013 0 13.6 [160]
336f C10H20OOH + O2 → O2C10H20OOH 2.500×1012 0 0 [160]
336b O2C10H20OOH → O2 + C10H20OOH 5.439×1014 0 135 [160]
337f O2C10H20OOH → OC10H19OOH + OH 1.500×1012 0 104 [160]
337b OH + OC10H19OOH → O2C10H20OOH 5.940×1010 0 287 [160]
338 OC10H19OOH → CH2O + CO + 3C2H4 7.000×1015 0 176 [160]
+ C2H5 + CO + OH
A The Chemical Mechanisms 136
Table A.3: NOx mechanism. Rate constants are written as
AT nexp(−E/RT ). The units are, mol, cm3, s, kJ, K
Nr. Reaction A n E Ref.
N.1 NH3 Consumption
347f NH3 + M6 → NH2 + H + M6 2.200×1016 0 391 [165]
348f NH3 + H → NH2 + H2 6.400×1005 2.39 42.6 [165]
349f NH3 + O → NH2 + OH 9.400×1006 1.94 27.1 [165]
350f NH3 + OH → NH2 + H2O 2.040×1006 2.04 2.37 [165]
N.2 NH2 Consumption
351f NH2 + H → NH + H2 4.000×1013 0 15.3 [165]
352f NH2 + O → HNO + H 9.900×1014 -0.50 0 [165]
352b H + HNO → O + NH2 6.889×1015 -0.50 120 [165]
353f NH2 + OH → NH + H2O 4.000×1006 2.00 4.19 [165]
354f H2NO + O → NH2 + O2 7.500×1013 0 0 [165]
355 NH2 + NO → N2 + H2O 2.000×1020 -2.60 3.87 [165]
356f NH2 + NO → N2H + OH 9.300×1011 0 0 [165]
N.3 NH Consumption
357f NH + H → N + H2 1.000×1013 0 0 [165]
358f NH + O → NO + H 9.200×1013 0 0 [165]
359f NH + OH → HNO + H 4.000×1013 0 0 [165]
360f NH + O2 → HNO + O 4.600×1005 2.00 27.2 [165]
361f NH + NO → N2O + H 2.940×1014 -0.40 0 [165]
362f NH + NO → N2 + OH 2.200×1013 -0.23 0 [165]
N.4 HNO Consumption
363f HNO + M3 → H + NO + M3 1.500×1016 0 204 [165]
364f HNO + H → NO + H2 4.400×1011 0.72 2.72 [165]
365f HNO + OH → NO + H2O 3.600×1013 0 0 [165]
N.4.1 H2NO Consumption
366f H2NO + M6 → HNO + H + M6 5.000×1016 0 209 [165]
367f H2NO + H → NH2 + OH 5.000×1013 0 0 [165]
N.5 N Consumption
368f N + O2 → NO + O 6.400×1009 1.00 26.3 [165]
369f N + OH → NO + H 3.800×1013 0 0 [165]
370f N + NO → N2 + O 3.300×1012 0.30 0 [165]
N.6 N2H Consumption
371f N2H → N2 + H 1.000×1008 0 0 [165]
372f N2H + H → N2 + H2 1.000×1014 0 0 [165]
373f N2H + O → N2O + H 1.000×1014 0 0 [165]
374f N2H + OH → N2 + H2O 5.000×1013 0 0 [165]
N.7 N2O Consumption
375f N2O + M5 → N2 + O + M5 4.000×1014 0 235 [165]
376f N2O + H → N2 + OH 4.400×1014 0 80.6 [165]
377f N2O + O → 2NO 2.900×1013 0 96.9 [165]
378f N2O + OH → N2 + HO2 2.000×1012 0 41.8 [165]
N.14 NO2 Production and Consumption
379f NO2 + M8 → NO + O + M8 1.000×1016 0 276 [165]
380f NO + HO2 → NO2 + OH 2.100×1012 0 -2.01 [165]
381f NO2 + H → NO + OH 3.500×1014 0 6.28 [165]
382f NO2 + O → NO + O2 1.000×1013 0 2.51 [165]
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N.15 HNCO Consumption
383f HNCO + M7 → NH + CO + M7 1.100×1016 0 360 [165]
384f HNCO + H → NH2 + CO 2.200×1007 1.70 15.9 [165]
385f HNCO + O → NCO + OH 2.200×1006 2.11 47.9 [165]
386f HNCO + O → NH + CO2 9.600×1007 1.41 35.7 [165]
387f HNCO + OH → NCO + H2O 6.400×1005 2.00 10.7 [165]
N.15 NCO Consumption
388f NCO + M7 → N + CO + M7 3.100×1016 -0.50 201 [165]
389f NCO + H → CO + NH 5.000×1013 0 0 [165]
390f NCO + O → NO + CO 4.700×1013 0 0 [165]
391f NCO + H2 → HNCO + H 7.600×1002 3.00 16.7 [165]
N.16 N2 Consumption
392f N2 + CH → HCN + N 4.400×1012 0 92 [165]
N.17 NO Consumption
393 NO + CH3 → HCN + H2O 8.300×1011 0 67.3 [165]
394f NO + 3-CH2 → HNCO + H 2.900×1012 0 -2.5 [165]
395f NO + CH → HCN + O 1.100×1014 0 0 [165]
N.18 HCN Consumption
396f HCN + O → NCO + H 1.400×1006 2.10 25.6 [165]
N.19 CN Consumption
397f CN + H2 → HCN + H 3.600×1008 1.55 12.6 [165]
398f CN + H2O → HCN + OH 7.800×1012 0 31.2 [165]
399f CN + OH → NCO + H 4.200×1013 0 0 [165]
400f CN + O2 → NCO + O 7.200×1012 0 -1.75 [165]
Reactions added after Bromly et al.
401f CH3O2 + NO → CH3O + NO2 2.530×1012 0 -1.5 [165]
402f CO + NO2 → CO2 + NO 8.910×1013 0 142 [165]
403f CO + N2O → CO2 + N2 5.000×1013 0 184 [165]
Reactions added after Glarborg et al.
404f CH3 + NO2 → CH3O + NO 4.000×1013 -0.20 0 [165]
405f CH4 + NO2 → CH3 + HONO 1.200×1013 0 125 [165]
406f CH3NO2 + M3 → CH3 + NO2 + M3 k0 1.300×1017 0 176 [165]
k∞ 1.800×1016 0 244
407f CH3 + O2 + M11 → CH3O2 + M11 k0 5.400×1025 -3.30 0 [165]
k∞ 7.800×1008 1.20 0
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Table A.4: Toluene Submechanism. Rate constants are written as
AT nexp(−E/RT ). The units are, mol, cm3, s, kJ, K
Nr. Reaction A n E Ref.
11. Benzene (A1−C6H6) Formation Reactions
A1 A1–C6H5 −→ C2H2 + U-C4H3 1.100×1008 2.90 372 [101]
A2 2C3H3 ←→ A1-C6H6 1.200×1012 0.00 0 [101]
A3 C3H4 + C3H3 ←→ A1-C6H6 + H 7.00×1011 0.00 41.8 [105]/2
A3 C2H2 + U-C4H5 ←→ A1-C6H6 + H 2.800×1003 2.90 5.85 [101]
A4 A1–C6H5 + H ←→ A1-C6H6 7.100×1013 0.00 2.8 [101]
A5 A1-C6H6 + H ←→ A1–C6H5 + H2 7.900×1013 0.00 41.8 [102]
A6 A1-C6H6 + OH ←→ A1–C6H5 + H2O 1.630×1008 1.40 6.1 [102]
A7 A1-C6H6 + O ←→ A1–C6H5 + OH 3.612×1001 3.70 4.5 [102]
A8 A1-C6H6 + CH3 ←→ A1–C6H5 + CH4 2.000×1012 0.00 63 [101]
T.1 Toluene (C7H8)Reactions
T1f C7H8 + OH → C7H7 + H2O 5.190×1009 1.00 3.66 [111]
T2f C7H8 + OH → C7H7O + H2 2.290×1012 0 -1.5 [111]
T3f C7H8 + OH → C7H7OH + H 6.600×1012 0 44.3 [111]
T4f C7H8 + O2 → C7H7 + HO2 1.810×1012 0 166 [111]
T5f C7H8 + H → C7H7 + H2 3.980×1002 3.44 13.1 [111]
T6f C7H8 + H → A1-C6H6 + CH3 1.200×1013 0 21.4 [111]
T7 C7H8 → A1–C6H5 + CH3 8.910×1012 0 304 [111]
T8f C7H8 → C7H7 + H 5.600×1015 0 381 [111]
T9f C7H8 + A1–C6H5 → A1-C6H6 + C7H7 2.100×1012 0 18.4 [111]
T10f C7H8 + CH3 → CH4 + C7H7 3.160×1012 0 46.4 [111]
T11f C7H8 + O → C7H7 + OH 6.300×1011 0 0 [111]
T12f C7H8 + O → C7H7O + H 1.550×1013 0 16.6 [111]
T13f C7H8 + C3H5 → C7H7 + C3H6 5.000×1012 0 58.6 [111]
T14f C7H8 + C2H3 → C7H7 + C2H4 3.980×1012 0 33.5 [111]
T15f C7H8 + HO2 → C7H7 + H2O2 3.970×1011 0 58.9 [111]
T16f U-C4H5 + C3H4 → C7H8 + H 2.000×1011 0 15.5 [111]
T17f U-C4H5 + P-C3H4 → C7H8 + H 3.160×1011 0 15.5 [111]
T.2 Benzyl radical (A1CH2-C7H7) Reactions
T18f C7H7 + O → C7H6O + H 3.500×1013 0 0 [111]
T19f C7H7 + O → A1-C6H6 + HCO 3.500×1013 0 0 [111]
T20f C7H7 + HO2 → C7H6O + H + OH 3.500×1013 0 0 [111]
T21f C7H7 + HO2 → A1-C6H6 + HCO + OH 3.500×1013 0 0 [111]
T22f 2C7H7 → C14H14 2.510×1011 0.40 0 [111]
T23f C7H7 + O2 → C7H7O + O 6.310×1012 0 180 [111]
T24f C7H7 + 1-CH2 → C8H8 + H 2.400×1014 0 0 [111]
T25f C7H7 + 3-CH2 → C8H8 + H 7.000×1013 0 37.5 [111]
T.3 Benzylalcohol ( A1CH2OH-C7H8O ) Reactions
T26 C7H7OH + O2 → C7H6O + HO2 + H 2.000×1014 0 173 [111]
T27f C7H7OH + OH → C7H7O + H2O 5.000×1012 0 0 [111]
T28f C7H7OH + H → C7H7O + H2 8.000×1013 0 34.5 [111]
T29f C7H7OH + H → A1-C6H6 + CH2OH 1.200×1013 0 21.6 [111]
T30f C7H7OH + A1–C6H5 → C7H6O + A1-C6H6 + H 1.400×1012 0 18.4 [111]
T.4 Benzoxy radical (A1CH2O-C7H7O ) Reactions
T31 C7H7O + M → C7H6O + H + M 2.500×1011 0 0 [111]
T32f C7H7O + H → C7H6O + H2 3.000×1013 0 0 [111]
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T33f C7H7O + O → C7H6O + OH 4.200×1013 0 0 [111]
T34f C7H7O + OH → C7H6O + H2O 2.400×1013 0 0 [111]
T35f C7H7O + O2 → C7H6O + HO2 1.000×1013 0 21 [111]
T36f C7H7O + H → C7H7OH 2.500×1013 0 0 [111]
T.5 Benzaldeyde ( A1CHO-C7H6O ) Reactions
T37f C7H6O → C6H5CO + H 3.980×1015 0 350 [111]
T38f C7H6O + O2 → C6H5CO + HO2 1.020×1013 0 163 [111]
T39f C7H6O + OH → C6H5CO + H2O 1.710×1009 1.18 -1.87 [111]
T40f C7H6O + H → C6H5CO + H2 5.000×1013 0 20.6 [111]
T41f C7H6O + H → A1-C6H6 + HCO 1.200×1013 0 21.6 [111]
T42f C7H6O + O → C6H5CO + OH 9.040×1012 0 12.9 [111]
T43f C7H6O + HO2 → C6H5CO + H2O2 1.990×1012 0 48.8 [111]
T44f C7H6O + CH3 → C6H5CO + CH4 2.770×1003 2.81 24.2 [111]
T45f C7H6O + A1–C6H5 → C6H5CO + A1-C6H6 7.010×1011 0 18.4 [111]
T.6 Benzoyl radical (A1CO-C6H5CO) Reactions
T46f C6H5CO → A1–C6H5 + CO 3.980×1014 0 123 [111]
T47f C6H5CO + H → A1-C6H6 + CO 3.000×1013 0 0 [111]
T48f A1C2H-C8H6 → A1–C6H5 + C2H 5.000×1014 0 474 [111]
T49f A1C2H-C8H6 + H → A1-C6H6 + C2H 2.000×1014 0 40.6 [111]
T50f A1–C6H5 + C2H2 → A1C2H-C8H6 + H 3.600×1012 0 33.3 [111]
T.7 Styryl radical (A1C2H2-C8H7) Reactions
T51f A1–C6H5 + C2H2 → C8H7 3.600×1012 0 33.8 [111]
T52f C8H7 + H → C8H8 5.400×1012 0 10.1 [111]
T53f C8H7 + H → A1C2H-C8H6 + H2 1.000×1013 0 0 [111]
T54f C8H7 + O → A1C2H-C8H6 + OH 1.000×1013 0 0 [111]
T55f C8H7 + OH → A1C2H-C8H6 + H2O 1.000×1013 0 0 [111]
T.8 Styrene (A1C2H3-C8H8) Reactions
T56f A1–C6H5 + C2H3 → C8H8 5.000×1012 0 0 [111]
T57f C2H3 + A1-C6H6 → C8H8 + H 7.940×1011 0 26.8 [111]
T58f C2H4 + A1–C6H5 → C8H8 + H 2.510×1012 0 25.9 [111]
T59f U-C4H5 + C4H4 → C8H8 + H 3.160×1011 0 2.51 [111]
T.9 Bibenzyl Reactions
T60f C14H14 + H → C8H8 + A1–C6H5 + H2 5.010×1013 0 54.4 [111]
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Table A.5: 1,2,4 Trimethylbenzene Submechanism. Rate constants
are written as AT nexp(−E/RT ). The units are, mol, cm3, s, kJ,
K
Nr. Reaction A n E Ref.
t1f TMB-C9H12 + OH ←→ XYL-CH2 + H2O 5.190E+09 1.00 3.66 p.w.
t2f TMB-C9H12 + OH ←→ XYL-CH2O + H2 2.290E+12 0.00 -1.5 p.w.
t3f TMB-C9H12 + OH ←→ XYLCH2OH + H 6.600E+12 0.00 44.3 p.w.
t4f TMB-C9H12 + O2 ←→ XYL-CH2 + HO2 3.000E+14 0.00 180 p.w.
t5f TMB-C9H12 + H ←→ XYL-CH2 + H2 3.980E+02 3.44 13.1 p.w.
t7 TMB-C9H12 −→ XYL–C8H9 + CH3 8.910E+12 0.00 304 p.w.
t8f TMB-C9H12 ←→ XYL-CH2 + H 5.600E+15 0.00 381 p.w.
t9f TMB-C9H12 + CH3 ←→ CH4 + XYL-CH2 3.160E+12 0.00 46.4 p.w.
t10f TMB-C9H12 + O ←→ XYL-CH2 + OH 6.300E+11 0.00 0 p.w.
t11f TMB-C9H12 + O ←→ XYL-CH2O + H 1.550E+13 0.00 16.6 p.w.
t12f TMB-C9H12 + HO2 ←→ XYL-CH2 + H2O2 3.000E+14 0.00 58.9 p.w.
t13f XYL-CH2 + O ←→ XYL-CHO + H 3.500E+13 0.00 0 p.w.
t14f XYL-CH2 + HO2 ←→ XYL-CHO + H + OH 5.000E+12 0.00 0 p.w.
t15f XYL-CH2 + HO2 ←→ A1-2CH3 + HCO + OH 5.000E+12 0.00 0 p.w.
t16f XYL-CH2 + O2 ←→ XYL-CH2O + O 6.310E+12 0.00 180 p.w.
t17 XYLCH2OH + O2 −→ XYL-CHO + HO2 + H 2.000E+14 0.00 173 p.w.
t18f XYLCH2OH + H ←→ A1-2CH3 + CH2OH 1.200E+13 0.00 21.6 p.w.
t19f XYL-CH2O + M ←→ XYL-CHO + H + M 2.500E+11 0.00 0 p.w.
t20f XYL-CH2O + H ←→ XYL-CHO + H2 3.000E+13 0.00 0 p.w.
t21f XYL-CH2O + O ←→ XYL-CHO + OH 4.200E+13 0.00 0 p.w.
t22f XYL-CH2O + OH ←→ XYL-CHO + H2O 2.400E+13 0.00 0 p.w.
t23f XYL-CH2O + O2 ←→ XYL-CHO + HO2 1.000E+13 0.00 21 p.w.
t24f XYL-CH2O + H ←→ XYLCH2OH 2.500E+13 0.00 0 p.w.
t25f XYL-CHO ←→ XYL-CO + H 3.980E+15 0.00 350 p.w.
t26f XYL-CHO + O2 ←→ XYL-CO + HO2 1.020E+13 0.00 163 p.w.
t27f XYL-CHO + OH ←→ XYL-CO + H2O 1.710E+09 1.18 -1.87 p.w.
t28f XYL-CHO + H ←→ XYL-CO + H2 5.000E+13 0.00 20.6 p.w.
t29f XYL-CHO + O ←→ XYL-CO + OH 9.040E+12 0.00 12.9 p.w.
t30f XYL-CHO + HO2 ←→ XYL-CO + H2O2 1.990E+12 0.00 48.8 p.w.
t31f XYL-CHO + CH3 ←→ XYL-CO + CH4 2.770E+03 2.81 24.2 p.w.
t32f XYL-CO ←→ XYL–C8H9 + CO 3.980E+14 0.00 123 p.w.
t33f XYL-CO + H ←→ A1-2CH3 + CO 3.000E+13 0.00 0 p.w.
t34f XYL–C8H9 ←→ TYL-CH2 3.000E+13 0.00 0 p.w.
t35f A1-2CH3 + OH ←→ TYL-CH2 + H2O 5.190E+09 1.00 3.66 p.w.
t36f A1-2CH3 + OH ←→ TYL-CH2O + H2 2.290E+12 0.00 -1.5 p.w.
t37f A1-2CH3 + OH ←→ TYLCH2OH + H 6.600E+12 0.00 44.3 p.w.
t38f A1-2CH3 + O2 ←→ TYL-CH2 + HO2 3.000E+14 0.00 180 p.w.
t39f A1-2CH3 + H ←→ TYL-CH2 + H2 3.980E+02 3.44 13.1 p.w.
t40 A1-2CH3 −→ TYL–C7H7 + CH3 8.910E+12 0.00 304 p.w.
t41f A1-2CH3 ←→ TYL-CH2 + H 5.600E+15 0.00 381 p.w.
t42f A1-2CH3 + CH3 ←→ CH4 + TYL-CH2 3.160E+12 0.00 46.4 p.w.
t43f A1-2CH3 + O ←→ TYL-CH2 + OH 6.300E+11 0.00 0 p.w.
t44f A1-2CH3 + O ←→ TYL-CH2O + H 1.550E+13 0.00 16.6 p.w.
t45f A1-2CH3 + C3H5 ←→ TYL-CH2 + C3H6 5.000E+12 0.00 58.6 p.w.
t46f A1-2CH3 + C2H3 ←→ TYL-CH2 + C2H4 3.980E+12 0.00 33.5 p.w.
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t47f A1-2CH3 + HO2 ←→ TYL-CH2 + H2O2 3.970E+11 0.00 58.9 p.w.
t48f TYL-CH2 + O ←→ TYL-CHO + H 3.500E+13 0.00 0 p.w.
t49f TYL-CH2 + HO2 ←→ TYL-CHO + H + OH 5.000E+12 0.00 0 p.w.
t50f TYL-CH2 + HO2 ←→ C7H8 + HCO + OH 5.000E+12 0.00 0 p.w.
t51f TYL-CH2 + O2 ←→ TYL-CH2O + O 6.310E+12 0.00 180 p.w.
t52 TYLCH2OH + O2 −→ TYL-CHO + HO2 + H 2.000E+14 0.00 173 p.w.
t53f TYLCH2OH + H ←→ C7H8 + CH2OH 1.200E+13 0.00 21.6 p.w.
t54 TYL-CH2O + M −→ TYL-CHO + H + M 2.500E+11 0.00 0 p.w.
t55f TYL-CH2O + H ←→ TYL-CHO + H2 3.000E+13 0.00 0 p.w.
t56f TYL-CH2O + O ←→ TYL-CHO + OH 4.200E+13 0.00 0 p.w.
t57f TYL-CH2O + OH ←→ TYL-CHO + H2O 2.400E+13 0.00 0 p.w.
t58f TYL-CH2O + O2 ←→ TYL-CHO + HO2 1.000E+13 0.00 21 p.w.
t59f TYL-CH2O + H ←→ TYLCH2OH 2.500E+13 0.00 0 p.w.
t60f TYL-CHO ←→ TYL-CO + H 3.980E+15 0.00 350 p.w.
t61f TYL-CHO + O2 ←→ TYL-CO + HO2 1.020E+13 0.00 163 p.w.
t62f TYL-CHO + OH ←→ TYL-CO + H2O 1.710E+09 1.18 -1.87 p.w.
t63f TYL-CHO + H ←→ TYL-CO + H2 5.000E+13 0.00 20.6 p.w.
t64f TYL-CHO + O ←→ TYL-CO + OH 9.040E+12 0.00 12.9 p.w.
t65f TYL-CHO + HO2 ←→ TYL-CO + H2O2 1.990E+12 0.00 48.8 p.w.
t66f TYL-CHO + CH3 ←→ TYL-CO + CH4 2.770E+03 2.81 24.2 p.w.
t67f TYL–C7H7 ←→ A1CH2-C7H7 3.000E+13 0.00 0 p.w.
t68f TYL-CO ←→ TYL–C7H7 + CO 3.980E+14 0.00 123 p.w.
t69f TYL-CO + H ←→ C7H8 + CO 3.000E+13 0.00 0 p.w.
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Table A.6: Heptane mechanism taken from Ref. [166]. The global
rates in appendix B are corresponded to that mechanism. Rate
constants are written as AT nexp(−E/RT ). The units are, mol,
cm3, s, kJ, K
Nr. Reaction A n E Ref.
01. H2-O2 React. (no HO2, H2O2)
1 O2 + H → OH + O 9.750×1013 0 62.1 [166]
2 OH + O → O2 + H 1.445×1013 0 2.93 [166]
3f H2 + O → OH + H 5.060×1004 2.67 26.3 [166]
4f H2 + OH → H2O + H 1.000×1008 1.60 13.8 [166]
5f 2OH → H2O + O 1.500×1009 1.14 0.42 [166]
02. Recombination Reactions
6f 2H + M1 → H2 + M1 1.800×1018 -1.00 0 [166]
7f 2O + M1 → O2 + M1 2.900×1017 -1.00 0 [166]
8f H + OH + M1 → H2O + M1 2.200×1022 -2.00 0 [166]
03. HO2 Formation/Consumption
9f H + O2 + M10 → HO2 + M10 6.761×1019 -1.42 0 [166]
10 HO2 + H → 2OH 1.500×1014 0 4.2 [166]
11 HO2 + H → H2 + O2 2.500×1013 0 2.9 [166]
12 HO2 + H → H2O + O 3.000×1013 0 7.2 [166]
13 HO2 + O → OH + O2 1.800×1013 0 -1.7 [166]
14f HO2 + OH → H2O + O2 6.000×1013 0 0 [166]
04. H2O2 Formation/Consumption
15 2HO2 → H2O2 + O2 2.500×1011 0 -5.2 [166]
16f 2OH + M1 → H2O2 + M1 3.250×1022 -2.00 0 [166]
17 H2O2 + H → H2O + OH 1.000×1013 0 15 [166]
18f H2O2 + O → OH + HO2 2.803×1013 0 26.8 [166]
19f H2O2 + OH → H2O + HO2 5.400×1012 0 4.2 [166]
05. CO Reactions
20f CO + OH → CO2 + H 6.320×1006 1.50 -2.08 [166]
21 CO + HO2 → CO2 + OH 1.500×1014 0 98.7 [166]
22 CO + O + M1 → CO2 + M1 7.100×1013 0 -19 [166]
10. CH Reactions
23 CH + O → CO + H 4.000×1013 0 0 [166]
24 CH + O2 → HCO + O 7.500×1013 0 0 [166]
25 CH + CO2 → HCO + CO 1.900×1014 0 66.1 [166]
26f CH + H2O → CH2OH 5.700×1012 0 -3.2 [166]
11. HCO Reactions
27 HCO + M1 → CO + H + M1 4.470×1014 0 66 [166]
28 CO + H + M1 → HCO + M1 5.500×1014 0 3.07 [166]
29 HCO + H → CO + H2 9.000×1013 0 0 [166]
30 HCO + OH → CO + H2O 1.000×1014 0 0 [166]
31 HCO + O2 → CO + HO2 3.000×1012 0 0 [166]
12. CH2 Reactions
32f T-CH2 + H → CH + H2 6.000×1012 0 -7.5 [166]
33f T-CH2 + OH → CH + H2O 1.130×1007 2.00 12.6 [166]
34f T-CH2 + OH → CH2O + H 2.500×1013 0 0 [166]
35 2T-CH2 → C2H2 + 2H 1.100×1014 0 3.4 [166]
36 T-CH2 + CH3 → C2H4 + H 4.200×1013 0 0 [166]
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37 T-CH2 + O2 → CO2 + 2H 3.290×1022 -3.30 12 [166]
38 T-CH2 + O2 → CO + H2O 2.240×1022 -3.30 12 [166]
39f S-CH2 + M1 → T-CH2 + M1 1.200×1013 0 0 [166]
40 S-CH2 + O2 → CO + OH + H 3.100×1013 0 0 [166]
41f S-CH2 + H2 → CH3 + H 7.200×1013 0 0 [166]
13. CH2O Reactions
42 CH2O + M1 → HCO + H + M1 1.620×1036 -5.54 405 [166]
43 CH2O + H → HCO + H2 1.260×1008 1.62 9.06 [166]
44 CH2O + O → HCO + OH 4.150×1011 0.57 11.6 [166]
45 CH2O + OH → HCO + H2O 3.400×1009 1.20 -1.9 [166]
46 CH2O + HO2 → HCO + H2O2 3.000×1012 0 54.7 [166]
14. CH3 Reactions
47 CH3 + O → CH2O + H 8.430×1013 0 0 [166]
48f CH3 + H → CH4 k0 6.257×1023 -1.80 0 [166]
k∞ 2.108×1014 0 0
49f CH3 + OH → S-CH2 + H2O 7.220×1012 0 11.6 [166]
50f CH3 + OH → CH3O + H 5.740×1012 -0.23 58.3 [166]
51f CH3 + OH → CH2OH + H 2.640×1019 -1.80 33.8 [166]
52 CH3 + O2 → CH2O + OH 3.300×1011 0 37.4 [166]
53f CH3 + HO2 → CH3O + OH 1.800×1013 0 0 [166]
54 CH3 + HO2 → CH4 + O2 3.600×1012 0 0 [166]
55 2CH3 → C2H4 + H2 1.000×1014 0 134 [166]
56f 2CH3 → C2H5 + H 3.160×1013 0 61.4 [166]
57f 2CH3 → C2H6 k0 1.272×1041 -7.00 11.6 [166]
k∞ 1.813×1013 0 0
15a. CH3O Reactions
58 CH3O + M1 → CH2O + H + M1 5.500×1013 0 56.5 [166]
59 CH3O + H → CH2O + H2 1.800×1013 0 0 [166]
60f CH3O + O2 → CH2O + HO2 2.167×1010 0 7.3 [166]
61f CH3O + O → O2 + CH3 1.500×1013 0 0 [166]
15b. CH2OH Reactions
62 CH2OH + M1 → CH2O + H + M1 5.000×1013 0 105 [166]
63 CH2OH + H → CH2O + H2 3.000×1013 0 0 [166]
64 CH2OH + O2 → CH2O + HO2 1.000×1013 0 30 [166]
16. CH3O2 Reactions
65 CH3O2 + M1 → CH3 + O2 + M1 7.240×1016 0 111 [166]
66 CH3 + O2 + M1 → CH3O2 + M1 1.410×1016 0 -4.6 [166]
67 2CH3O2 → CH2O + CH3OH + O2 1.800×1012 0 0 [166]
17. CH4 Reactions
68f CH4 + H → H2 + CH3 1.300×1004 3.00 33.6 [166]
69f CH4 + O → OH + CH3 6.923×1008 1.56 35.5 [166]
70f CH4 + OH → H2O + CH3 1.600×1007 1.83 11.6 [166]
18. CH3OH Reactions
71f OH + CH3 → CH3OH k0 1.596×1044 -8.20 0 [166]
k∞ 6.022×1013 0 0
72f CH3OH + H → CH2OH + H2 4.000×1013 0 25.5 [166]
73f CH3OH + OH → CH2OH + H2O 1.440×1006 2.00 -3.5 [166]
74f CH3OH + OH → CH3O + H2O 6.300×1006 2.00 6.28 [166]
A The Chemical Mechanisms 144
Table A.6: continued
75f CH3O + M → CH2OH + M 2.000×1011 0 29.3 [166]
20A. HCCO Reactions
78f HCCO + H → S-CH2 + CO 1.500×1014 0 0 [166]
79 HCCO + O → 2CO + H 1.000×1014 0 0 [166]
21. C2H2 Reactions
80 C2H2 + O2 → HCCO + OH 2.000×1008 1.50 126 [166]
81 C2H2 + O → T-CH2 + CO 1.600×1014 0 41.4 [166]
82 C2H2 + O → HCCO + H 4.000×1014 0 44.6 [166]
25. C2H3 Reactions
83 C2H3 → C2H2 + H k0 4.153×1041 -7.50 190 [166]
k∞ 2.000×1014 0 166
84 C2H2 + H → C2H3 k0 2.185×1041 -7.50 27.5 [166]
k∞ 1.053×1014 0 3.39
85 C2H3 + OH → C2H2 + H2O 5.000×1013 0 0 [166]
86 C2H3 + H → C2H2 + H2 6.600×1013 0 0 [166]
87 C2H3 + O2 → CH2O + HCO 5.420×1012 0 0 [166]
23. C2H4 Reactions
88f C2H4 + M1 → C2H2 + H2 + M1 1.000×1017 0 300 [166]
89f C2H4 + H → C2H3 + H2 5.400×1014 0 62.9 [166]
90 C2H4 + O → HCO + CH3 1.355×1007 1.88 0.748 [166]
91f C2H4 + OH → C2H3 + H2O 2.000×1013 0 24.9 [166]
24. C2H5 Reactions
92 C2H5 → C2H4 + H k0 1.000×1016 0 126 [166]
k∞ 1.300×1013 0 167
93 C2H4 + H → C2H5 k0 1.200×1042 -7.62 29.2 [166]
k∞ 1.080×1012 0.45 7.62
25. C2H6 Reactions
94f C2H6 + H → C2H5 + H2 1.400×1009 1.50 31.1 [166]
95f C2H6 + OH → C2H5 + H2O 7.200×1006 2.00 3.6 [166]
96f C2H6 + CH3 → C2H5 + CH4 1.500×10−07 6.00 25.4 [166]
32. C3H4 Reactions
97 C3H4 + O → CH2O + C2H2 1.000×1012 0 0 [166]
98 C3H4 + O → HCO + C2H3 1.000×1012 0 0 [166]
99 C3H4 + OH → CH2O + C2H3 1.000×1012 0 0 [166]
100 C3H4 + OH → HCO + C2H4 1.000×1012 0 0 [166]
33. C3H5 Reactions
101f C3H5 → C3H4 + H 3.980×1013 0 293 [166]
102 C3H5 + H → C3H4 + H2 1.000×1013 0 0 [166]
103 C3H5 + O2 → C3H4 + HO2 6.000×1011 0 41.9 [166]
34. C3H6 Reactions
104f C3H6 → C2H3 + CH3 3.150×1015 0 359 [166]
105f H + C3H6 → C3H5 + H2 5.000×1012 0 6.3 [166]
106 C3H6 + O → C2H4 + CH2O 5.900×1013 0 21 [166]
107 C3H6 + O → C2H5 + HCO 3.600×1012 0 0 [166]
108 C3H6 + OH → C2H5 + CH2O 7.900×1012 0 0 [166]
109 C3H6 + OH → C3H5 + H2O 4.000×1012 0 0 [166]
110 CH3 + C3H6 → CH4 + C3H5 8.960×1012 0 35.6 [166]
35a. n-C3H7 Reactions
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111f N-C3H7 → CH3 + C2H4 9.600×1013 0 130 [166]
112f N-C3H7 → H + C3H6 1.250×1014 0 155 [166]
113 N-C3H7 + O2 → C3H6 + HO2 1.000×1012 0 20.9 [166]
40. C4H6 Reactions
114 C4H6 → 2C2H3 4.030×1019 -1.00 411 [166]
115f C2H3 + C2H4 → C4H6 + H 1.000×1011 0 30.5 [166]
116 C4H6 + OH → CH2O + C3H5 2.000×1012 0 0 [166]
41. C4H7 Reactions
117f C4H7 → C4H6 + H 1.200×1014 0 206 [166]
118 C4H7 → C2H4 + C2H3 1.000×1011 0 155 [166]
119 C4H7 + H → A-C4H8 4.397×1017 -1.00 4.52 [166]
120 C4H7 + O2 → C4H6 + HO2 1.000×1011 0 0 [166]
121 C4H7 + CH3 → C4H6 + CH4 1.000×1013 0 0 [166]
122f C4H7 + C3H5 → C4H6 + C3H6 4.000×1013 0 0 [166]
42. A-C4H8 Reactions
123f A-C4H8 → C3H5 + CH3 8.000×1016 0 307 [166]
124 A-C4H8 + H → C4H7 + H2 5.000×1013 0 16.3 [166]
125 A-C4H8 + OH → N-C3H7 + CH2O 6.500×1012 0 0 [166]
126 A-C4H8 + OH → C4H7 + H2O 2.265×1014 0 12.8 [166]
43. P-C4H9 Reactions
127 P-C4H9 → C2H5 + C2H4 2.500×1013 0 121 [166]
128 P-C4H9 + O2 → A-C4H8 + HO2 1.000×1012 0 8.4 [166]
50. 1-C5H9 Reactions
129 C5H9 → C3H5 + C2H4 2.500×1013 0 126 [166]
130 C3H5 + C2H4 → C5H9 1.500×1010 0 31 [166]
131 C5H9 → C2H3 + C3H6 2.500×1013 0 126 [166]
51. A-C5H10 Reactions
132f A-C5H10 → C2H5 + C3H5 1.000×1016 0 299 [166]
133 A-C5H10 + H → C5H9 + H2 2.800×1013 0 16.8 [166]
134 A-C5H10 + O → C5H9 + OH 2.540×1005 2.60 -4.7 [166]
135 A-C5H10 + OH → C5H9 + H2O 6.800×1013 0 12.8 [166]
136 A-C5H10 + CH3 → C5H9 + CH4 1.000×1011 0 30.6 [166]
52. A-C5H11 Reactions
137 A-C5H11 → C2H4 + N-C3H7 3.200×1013 0 119 [166]
138 H + A-C5H10 → A-C5H11 7.900×1012 0 12.1 [166]
61. A-C6H12 Reactions
139 A-C6H12 → N-C3H7 + C3H5 2.500×1016 0 298 [166]
140 N-C3H7 + C3H5 → A-C6H12 1.000×1013 0 0 [166]
141 A-C6H12 + H → C4H7 + C2H4 + H2 2.800×1007 2.00 32.2 [166]
142 A-C6H12 + H → C3H5 + C3H6 + H2 8.000×1006 2.00 20.9 [166]
143 A-C6H12 + H → A-C4H8 + C2H3 + H2 8.000×1006 2.00 20.9 [166]
144 A-C6H12 + O → C4H7 + C2H4 + OH 5.000×1013 0 32.9 [166]
145 A-C6H12 + O → C3H5 + C3H6 + OH 2.800×1013 0 21.8 [166]
146 A-C6H12 + O → A-C4H8 + C2H3 + OH 2.800×1013 0 21.8 [166]
147 A-C6H12 + OH → C4H7 + C2H4 + H2O 4.300×1009 1.10 7.6 [166]
148 A-C6H12 + OH → C3H5 + C3H6 + H2O 1.300×1009 1.30 2.9 [166]
149 A-C6H12 + OH → A-C4H8 + C2H3 + H2O 1.300×1009 1.30 2.9 [166]
71. A-C7H14 Reactions
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150 A-C7H14 → P-C4H9 + C3H5 2.500×1016 0 298 [166]
151 P-C4H9 + C3H5 → A-C7H14 1.000×1013 0 0 [166]
16. C7H15 Reactions
152 A-C7H15 → A-C5H11 + C2H4 2.500×1013 0 121 [166]
153 B-C7H15 → A-C7H14 + H 2.000×1013 0 169 [166]
154 B-C7H15 → P-C4H9 + C3H6 1.600×1013 0 118 [166]
155 C-C7H15 → A-C6H12 + CH3 8.000×1013 0 138 [166]
156 C-C7H15 → A-C4H8 + N-C3H7 5.000×1012 0 122 [166]
157 D-C7H15 → C2H5 + A-C5H10 1.000×1013 0 117 [166]
158 D-C7H15 → A-C7H14 + H 1.000×1013 0 159 [166]
159 A-C7H15 → C-C7H15 2.000×1011 0 46.5 [166]
160 C-C7H15 → A-C7H15 3.000×1011 0 59 [166]
161 A-C7H15 → D-C7H15 2.000×1011 0 75.8 [166]
162 D-C7H15 → A-C7H15 6.000×1011 0 88.4 [166]
163 B-C7H15 → C-C7H15 2.000×1011 0 75.8 [166]
164 C-C7H15 → B-C7H15 2.000×1011 0 75.8 [166]
165 A-C7H15 → B-C7H15 2.000×1011 0 75.8 [166]
166 B-C7H15 → A-C7H15 3.000×1011 0 88.4 [166]
167 A-C7H15 + O2 → A-C7H14 + HO2 1.000×1010 0 8.4 [166]
168 B-C7H15 + O2 → A-C7H14 + HO2 1.000×1010 0 8.4 [166]
169 C-C7H15 + O2 → A-C7H14 + HO2 1.000×1010 0 8.4 [166]
170 D-C7H15 + O2 → A-C7H14 + HO2 1.000×1010 0 8.4 [166]
78. N-C7H16 Reactions
171 N-C7H16 → P-C4H9 + N-C3H7 3.160×1016 0 339 [166]
172 N-C7H16 + H → A-C7H15 + H2 5.600×1007 2.00 32.2 [166]
173 N-C7H16 + H → B-C7H15 + H2 1.750×1007 2.00 20.9 [166]
174 N-C7H16 + H → C-C7H15 + H2 1.750×1007 2.00 20.9 [166]
175 N-C7H16 + H → D-C7H15 + H2 8.780×1006 2.00 20.9 [166]
176 N-C7H16 + O → A-C7H15 + OH 1.000×1014 0 32.9 [166]
177 N-C7H16 + O → B-C7H15 + OH 5.600×1013 0 21.8 [166]
178 N-C7H16 + O → C-C7H15 + OH 5.600×1013 0 21.8 [166]
179 N-C7H16 + O → D-C7H15 + OH 2.800×1013 0 21.8 [166]
180 N-C7H16 + OH → A-C7H15 + H2O 8.610×1009 1.10 7.6 [166]
181 N-C7H16 + OH → B-C7H15 + H2O 2.600×1009 1.30 2.9 [166]
182 N-C7H16 + OH → C-C7H15 + H2O 2.600×1009 1.30 2.9 [166]
183 N-C7H16 + OH → D-C7H15 + H2O 1.300×1009 1.30 2.9 [166]
184 N-C7H16 + HO2 → A-C7H15 + H2O2 1.120×1013 0 81.2 [166]
185 N-C7H16 + HO2 → B-C7H15 + H2O2 6.700×1012 0 71.2 [166]
186 N-C7H16 + HO2 → C-C7H15 + H2O2 6.700×1012 0 71.2 [166]
187 N-C7H16 + HO2 → D-C7H15 + H2O2 3.350×1012 0 71.2 [166]
188 N-C7H16 + CH3 → A-C7H15 + CH4 1.300×1012 0 48.6 [166]
189 N-C7H16 + CH3 → B-C7H15 + CH4 8.000×1011 0 39.8 [166]
190 N-C7H16 + CH3 → C-C7H15 + CH4 8.000×1011 0 39.8 [166]
191 N-C7H16 + CH3 → D-C7H15 + CH4 4.000×1011 0 39.8 [166]
192 N-C7H16 + O2 → A-C7H15 + HO2 2.500×1013 0 205 [166]
193 N-C7H16 + O2 → B-C7H15 + HO2 4.000×1013 0 199 [166]
194 N-C7H16 + O2 → C-C7H15 + HO2 4.000×1013 0 199 [166]
195 N-C7H16 + O2 → D-C7H15 + HO2 2.000×1013 0 199 [166]
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8. Low Temperature branch
196 A-C7H15 + O2 → C7H15O2 2.000×1012 0 0 [166]
197 C7H15O2 → A-C7H15 + O2 3.000×1014 0 117 [166]
198 B-C7H15 + O2 → C7H15O2 2.000×1012 0 0 [166]
199 C7H15O2 → B-C7H15 + O2 6.600×1014 0 117 [166]
200 C-C7H15 + O2 → C7H15O2 2.000×1012 0 0 [166]
201 C7H15O2 → C-C7H15 + O2 6.900×1014 0 117 [166]
202 D-C7H15 + O2 → C7H15O2 2.000×1012 0 0 [166]
203 C7H15O2 → D-C7H15 + O2 3.500×1014 0 117 [166]
204 C7H15O2 → C7H15O2 2.000×1011 0 71.2 [166]
205 C7H15O2 → C7H15O2 1.000×1011 0 52.3 [166]
206 C7H15O2 + O2 → O2C7H14OOH 5.000×1011 0 0 [166]
207 O2C7H14OOH → HOOC7H13OOH 2.000×1011 0 71.2 [166]
208 HOOC7H13OOH → OC7H13OOH + OH 1.000×1009 0 31.4 [166]
209 OC7H13OOH → OC7H13O + OH 8.400×1014 0 180 [166]
210 OC7H13O → CH2O + A-C5H11 + CO 2.000×1013 0 62.8 [166]
N.1 NH3 Consumption
211f NH3 + M6 → NH2 + H + M6 2.200×1016 0 391 [166]
212f NH3 + H → NH2 + H2 6.400×1005 2.39 42.6 [166]
213f NH3 + O → NH2 + OH 9.400×1006 1.94 27.1 [166]
214f NH3 + OH → NH2 + H2O 2.040×1006 2.04 2.37 [166]
N.2 NH2 Consumption
215f NH2 + H → NH + H2 4.000×1013 0 15.3 [166]
216f NH2 + O → HNO + H 9.900×1014 -0.50 0 [166]
217f NH2 + OH → NH + H2O 4.000×1006 2.00 4.19 [166]
218f H2NO + O → NH2 + O2 7.500×1013 0 0 [166]
219 NH2 + NO → N2 + H2O 2.000×1020 -2.60 3.87 [166]
220f NH2 + NO → N2H + OH 9.300×1011 0 0 [166]
N.3 NH Consumption
221f NH + H → N + H2 1.000×1013 0 0 [166]
222f NH + O → NO + H 9.200×1013 0 0 [166]
223f NH + OH → HNO + H 4.000×1013 0 0 [166]
224f NH + O2 → HNO + O 4.600×1005 2.00 27.2 [166]
225f NH + NO → N2O + H 2.940×1014 -0.40 0 [166]
226f NH + NO → N2 + OH 2.200×1013 -0.23 0 [166]
N.4 HNO Consumption
227f HNO + M3 → H + NO + M3 1.500×1016 0 204 [166]
228f HNO + H → NO + H2 4.400×1011 0.72 2.72 [166]
229f HNO + OH → NO + H2O 3.600×1013 0 0 [166]
N.4.1 H2NO Consumption
230f H2NO + M6 → HNO + H + M6 5.000×1016 0 209 [166]
231f H2NO + H → NH2 + OH 5.000×1013 0 0 [166]
N.5 N Consumption
232f N + O2 → NO + O 6.400×1009 1.00 26.3 [166]
233f N + OH → NO + H 3.800×1013 0 0 [166]
234f N + NO → N2 + O 3.300×1012 0.30 0 [166]
N.6 N2H Consumption
235f N2H → N2 + H 1.000×1008 0 0 [166]
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236f N2H + H → N2 + H2 1.000×1014 0 0 [166]
237f N2H + O → N2O + H 1.000×1014 0 0 [166]
238f N2H + OH → N2 + H2O 5.000×1013 0 0 [166]
N.7 N2O Consumption
239f N2O + M5 → N2 + O + M5 4.000×1014 0 235 [166]
240f N2O + H → N2 + OH 4.400×1014 0 80.6 [166]
241f N2O + O → 2NO 2.900×1013 0 96.9 [166]
242f N2O + OH → N2 + HO2 2.000×1012 0 41.8 [166]
N.14 NO2 Production and Consumption
243f NO2 + M8 → NO + O + M8 1.000×1016 0 276 [166]
244f NO + HO2 → NO2 + OH 2.100×1012 0 -2.01 [166]
245f NO2 + H → NO + OH 3.500×1014 0 6.28 [166]
246f NO2 + O → NO + O2 1.000×1013 0 2.51 [166]
N.15 HNCO Consumption
247f HNCO + M7 → NH + CO + M7 1.100×1016 0 360 [166]
248f HNCO + H → NH2 + CO 2.200×1007 1.70 15.9 [166]
249f HNCO + O → NCO + OH 2.200×1006 2.11 47.9 [166]
250f HNCO + O → NH + CO2 9.600×1007 1.41 35.7 [166]
251f HNCO + OH → NCO + H2O 6.400×1005 2.00 10.7 [166]
N.15 NCO Consumption
252f NCO + M7 → N + CO + M7 3.100×1016 -0.50 201 [166]
253f NCO + H → CO + NH 5.000×1013 0 0 [166]
254f NCO + O → NO + CO 4.700×1013 0 0 [166]
255f NCO + H2 → HNCO + H 7.600×1002 3.00 16.7 [166]
N.16 N2 Consumption
256f N2 + CH → HCN + N 4.400×1012 0 92 [166]
N.17 NO Consumption
257 NO + CH3 → HCN + H2O 8.300×1011 0 67.3 [166]
258f NO + T-CH2 → HNCO + H 2.900×1012 0 -2.5 [166]
259f NO + CH → HCN + O 1.100×1014 0 0 [166]
N.18 HCN Consumption
260f HCN + O → NCO + H 1.400×1006 2.10 25.6 [166]
N.19 CN Consumption
261f CN + H2 → HCN + H 3.600×1008 1.55 12.6 [166]
262f CN + H2O → HCN + OH 7.800×1012 0 31.2 [166]
263f CN + OH → NCO + H 4.200×1013 0 0 [166]
264f CN + O2 → NCO + O 7.200×1012 0 -1.75 [166]
reactions added
265f CH3O2 + NO → CH3O + NO2 2.530×1012 0 -1.5 [166]
266f CO + NO2 → CO2 + NO 8.910×1013 0 142 [166]
267f CO + N2O → CO2 + N2 5.000×1013 0 184 [166]
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ωI = ω1 − ω2 − ω16f + ω16b + ω21 + ω52 + ω53f − ω53b − ω71f + ω71b
+ ω91f − ω91b + ω115f − ω115b − ω116 − ω122f + ω122b + ω126 +
ω128 − ω138 + ω147 + ω153 + ω159 − ω160 + ω161 − ω162 + ω163 −
ω164 + ω167 + ω168 + ω182 + ω183 + ω186 + ω187 + ω190 + ω191 +
ω194 + ω195 + ω196 − ω197 + ω198 − ω199 + ω209 + ω232f − ω232b
− ω242f + ω242b + ω244f − ω244b − ω246f + ω246b
ωII = ω4f − ω4b − ω29 − ω102 − ω215f + ω215b − ω216f + ω216b − ω223f
+ ω223b + ω261f − ω261b
ωIII = ω5f − ω5b − ω13 + ω16f − ω16b − ω21 − ω22 + ω91f − ω91b + ω99
− ω111f + ω111b + ω115f − ω115b + ω126 + ω128 + ω131 − ω157 −
ω158 + ω159 − ω160 + ω161 − ω162 + ω163 − ω164 − ω169 − ω170
+ ω182 + ω183 + ω186 + ω187 + ω190 + ω191 + ω194 + ω195 + ω196
− ω197 + ω198 − ω199 − ω209 + ω223f − ω223b + ω239f − ω239b +
ω242f − ω242b − ω245f + ω245b − ω246f + ω246b + ω252f − ω252b −
ω258 − ω260 − ω266f + ω266b
ωIV = ω8f − ω8b + ω13 + ω14f − ω14b − ω16f + ω16b + ω19f − ω19b +
ω21 + ω22 + ω29 + ω30 + ω70f − ω70b + ω102 + ω111f − ω111b −
ω115f + ω115b + ω122f − ω122b − ω128 + ω135 + ω138 + ω147 −
ω153 − ω159 + ω160 − ω161 + ω162 − ω163 + ω164 − ω167 − ω168 +
ω180 + ω181 − ω186 − ω187 − ω190 − ω191 − ω194 − ω195 − ω196
+ ω197 − ω198 + ω199 + ω209 − ω239f + ω239b − ω242f + ω242b +
ω245f − ω245b + ω246f − ω246b − ω247f + ω247b − ω252f + ω252b +
ω258 + ω260 − ω261f + ω261b + ω266f − ω266b
ωV = ω9f − ω9b − ω13 − ω14f + ω14b + 2 ω16f − 2 ω16b − ω19f + ω19b
− ω21 + ω31 − ω53f + ω53b + ω103 − ω111f + ω111b + ω120 + ω128
+ ω138 − ω147 − ω157 − ω158 + ω163 − ω164 − ω165 + ω166 + ω168
− ω181 + ω184 + ω186 + ω187 − ω189 + ω192 + ω194 + ω195 + ω198
− ω199 + ω242f − ω242b − ω244f + ω244b
ωVI = ω15 + ω16f − ω16b − ω19f + ω19b + ω184 + ω185 + ω186 + ω187
ωVII = ω20f − ω20b + ω21 + ω22 + ω45 − ω99 − ω122f + ω122b − ω131 −
ω138 + ω153 + ω157 + ω158 + ω167 + ω168 + ω169 + ω170 + ω258
+ ω260 − ω261f + ω261b + ω266f − ω266b + ω267f − ω267b
ωVIII = ω25 + ω45 − ω99 − ω122f + ω122b − ω131 − ω138 + ω153 + ω157 +
ω158 + ω167 + ω168 + ω169 + ω170 + ω258 + ω260 − ω261f + ω261b
ωIX = ω26f − ω26b − ω45 + ω99 + ω122f − ω122b + ω131 + ω138 − ω153
− ω157 − ω158 − ω167 − ω168 − ω169 − ω170 − ω257
ωX = ω47 + ω52 + ω53f − ω53b − ω71f + ω71b + ω91f − ω91b − ω111f +
ω111b + ω115f − ω115b − ω122f + ω122b + ω126 + ω128 − ω138 +
ω153 + ω159 − ω160 + ω161 − ω162 + ω163 − ω164 + ω167 + ω168 +
ω182 + ω183 + ω186 + ω187 + ω190 + ω191 + ω194 + ω195 + ω196
− ω197 + ω198 − ω199 + ω257
Table B.1: The global rates of the 27-step chemical reaction mechanism for n-
heptane
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ωXI = ω48f − ω48b − ω70f + ω70b + ω188 + ω189 + ω190 + ω191
ωXII = ω65 − ω66 − 2 ω71f + 2 ω71b
ωXIII = ω67 + ω71f − ω71b
ωXIV = ω90 + ω91f − ω91b + ω115f − ω115b − ω122f + ω122b + 2 ω128
− ω138 + ω153 − ω157 − ω158 + 2 ω159 − 2 ω160 + 2 ω161 −
2 ω162 + 2 ω163 − 2 ω164 + ω167 + ω168 − ω169 − ω170 + 2
ω182 + 2 ω183 + 2 ω186 + 2 ω187 + 2 ω190 + 2 ω191 + 2 ω194
+ 2 ω195 + 2 ω196 − 2 ω197 + 2 ω198 − 2 ω199 − ω209
ωXV = ω98 + ω99 − ω116 + ω122f − ω122b + ω126 − ω128 + ω131 +
ω138 + ω147 − ω153 − ω159 + ω160 − ω161 + ω162 − ω163 +
ω164 − ω167 − ω168 − ω182 − ω183 − ω186 − ω187 − ω190 −
ω191 − ω194 − ω195 − ω196 + ω197 − ω198 + ω199 + ω209
ωXVI = ω101f − ω101b + ω102 + ω103 − ω116 + ω122f − ω122b + ω126
− ω128 + ω131 + ω138 + ω147 − ω153 − ω159 + ω160 − ω161
+ ω162 − ω163 + ω164 − ω167 − ω168 − ω182 − ω183 − ω186
− ω187 − ω190 − ω191 − ω194 − ω195 − ω196 + ω197 − ω198
+ ω199 + ω209
ωXVII = ω108 + ω111f − ω111b − ω122f + ω122b − ω131 − ω138 + ω147
+ ω153 + ω157 + ω158 + ω167 + ω168 + ω169 + ω170
ωXVIII = ω114 − ω115f + ω115b + ω116 − ω126 − ω147
ωXIX = ω132f − ω132b + ω135 + ω138 − ω157
ωXX = ω139 − ω140 + ω147 + ω156 + ω157 + ω158 − ω159 + ω160 −
ω161 + ω162 − ω163 + ω164 + ω169 + ω170 − ω182 − ω183 −
ω186 − ω187 − ω190 − ω191 − ω194 − ω195 − ω196 + ω197 −
ω198 + ω199 + ω209
ωXXI = ω150 − ω151 − ω153 − ω158 − ω167 − ω168 − ω169 − ω170
ωXXII = ω155 + ω156 + ω157 + ω158 − ω159 + ω160 − ω161 + ω162 −
ω163 + ω164 + ω169 + ω170 − ω182 − ω183 − ω186 − ω187 −
ω190 − ω191 − ω194 − ω195 − ω196 + ω197 − ω198 + ω199 +
ω209
ωXXIII = ω171 + ω180 + ω181 + ω182 + ω183 + ω184 + ω185 + ω186 +
ω187 + ω188 + ω189 + ω190 + ω191 + ω192 + ω193 + ω194 +
ω195
ωXXIV = ω204 − ω205 − ω209
ωXXV = ω219f − ω219b + ω234f − ω234b + ω239f − ω239b + ω240f −
ω240b + ω242f − ω242b + ω257 + ω259 − ω260 + ω261f − ω261b
+ ω267f − ω267b
ωXXVI = ω243f − ω243b − ω244f + ω244b + ω245f − ω245b + ω246f −
ω246b + ω266f − ω266b
ωXXVII = ω256 + ω257 + ω259 − ω260 + ω261f − ω261b
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Table C.1: Species names
Species name
N2 nitrogen
H atomic hydrogen
O2 oxygen
OH hydroxyl radical
O atomic oxygen
H2 hydrogen
H2O water
HO2 hydroperoxy radical
H2O2 hydrogen peroxide
CO carbon monoxide
CO2 carbon dioxide
CH methylidyne
HCO formyl
1-CH2 methylene (single state)
3-CH2 methylene (triple state)
C2H2 acetylene
CH3 methyl
C2H3 vinyl
CH2O formaldehyde
C2H4 ethylene
C3H6 propene
CH4 methane
C2H5 ethyl radical
C2H6 ethane
CH2OH hydroxylmethyl radical
CH3O methoxy radical
CH3OH methanol
C2H ethynyl radical
HCCO ketenyl (ethynyloxy radical)
CH2CO ketene
CH2CHO vinoxy radical
CH3CO acetyl
CH3CHO acetaldehyde
C3H3 propargyl radical
C4H4 1-buten-3yn
U-C4H3 1-buten-3yne-1yl radical
C3H4 allene
C3H5 allyl
P-C3H4 propyne
N-C3H7 n-propyl
C Species list & Thermodynamic Properties 154
Table C.1: continued
Species name
I-C3H7 iso-propyl
C3H8 n-propane
C4H2 butadiyne
S-C4H3 1-buten-3yne-2yl radical
U-C4H5 1,3 butadien-1yl radical
S-C4H5 1,3 butadien-2yl radical
C4H6 1,3 butadiene
C4H7 1-buten-3yl radical
1-C4H8 1-butene
P-C4H9 1-butyl
C5H9 1-penten-3yl radical
1-C5H10 1-pentene
1-C5H11 1-pentyl radical
1-C6H12 1-hexene
1-C6H13 1-hexyl radical
1-C7H14 1-heptene
1-C7H15 1-heptyl
B-C7H15 2-heptyl
C-C7H15 3-heptyl
D-C7H15 4-heptyl
N-C7H16 n-heptane
C7H15O2 heptyl-peroxy radical
HEOOH-−2 heptyl-hydroperoxy radical (C7H15O2)
OOC7OOH hydroperoxy-heptyl-peroxy radical (C7H15O4)
HOOC7OOH hydroperoxy-heptyl-hydroperoxy radical (C7H15O4)
OC7OOH heptyl-ketohydroperoxide (C7H14O3)
OC7H13O heptyl-carbonyl radical (C7H13O)
2-C10H21 2-decyl radical
3-C10H21 3-decyl radical
N-C10H22 n-decane
2-RO2 decyl peroxy radical (C10H21O2)
3-2-RO2H decyl hydroperoxy rad. (C10H21O2)
1-C10H20 1-decene
32O2RO2H hydroperoxydecylperoxy (C10H21O4)
3-2ORO2H decyl ketohydroperoxide (C10H20O3)
A1–C6H5 phenyl
A1-C6H6 benzene
U-C6H7 1,3,5 Hexatriene
U-C6H5 3,5-Hexadiene-1ynyl
C6H2 1,3,5 Hexatriyne
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Table C.1: continued
Species name
C6H6 3,5-Hexadiene-1yn
C6H5O phenoxy
C6H5OH phenol
C5H5 cyclopentadiene
C5H6 cyclopentadienyl
C5H5O 2,4-cyclopentadien-1oxy radical
A1C2H-C8H6 phenylacetylene
A1C2H–C8H5 phenylacetyl radical
A1CH3-C7H8 toluene
A1CH2-C7H7 benzyl radical
A1CH2O-C7H7O benzoxy radical
A1CH2OH-C7H8O benzylalcohol
A1CHO-C7H6O benzaldehyde
C14H14 bibenzyl
A1C2H3-C8H8 styrene
A1CO-C6H5CO benzoyl radical
A1C2H2-C8H7 styryl radical
TMB-C9H12 1,2,4 trimethylbenzene
XYL-CH2-C9H11 1,2,4 trimethylbenzyl
XYL-CH2O-C9H11O o-xyloxy radical
XYLCH2OH-C9H12O o-xylol
A1-2CH3-C8H10 o-xylene
TYL-CHO-C8H8O methyl-benzaldehyde
TYL-CO-C7H7CO toluyl radical
NH3 ammonia
NH2 amino radical
NH imidogen
HNO nitrosyl hydride
NO nitric oxide
N2H dinitrogen monohydride
N atomic nitrogen
N2O nitrous oxide
NO2 nitrogen dioxide
HNCO isocyanic acid
NCO iwocyanoato radical
HCN hydrogen cyanide
CN cyano radical
HONO nitrous acid
CH3NO2 methylnitrite
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CH3
CH3
CH3
CH2O
CH3
CH3
CH3
CH3
CH2
CH3
CH3
CH3
CH3
CH3
CH3
CH2OH CHO
1,2,4 Trimethylbenzene                             XYL−CH2                                                   XYL−CH2O
CO
CH3
CH3
CH3
CH3
CH3
XYL−CO                                                    A1−2CH3−C8H10                                       TYL−CH2
CH2
XYL−CH2OH                                                XYL−CHO                                                  XYL−C8H9
CH2O
CH3
CHO
CH3
CH2OH
CH3
CH3 CH3 CH3
CH2 CH2OH
TYL−CH2O                                                 TYL−CH2OH                                     TYL−CHO
CO
TYL−CO                                                 TYL−C7H7                                             A1−CH3
      A1−CH2                                                      A1−CH2O                                          A1−CH2OH
CH2O
Figure C.1: Chemical structure of the most aromatic species appearing in the
mechanisms in the present work
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Table C.2: Thermodynamic Properties for selected species. Units:
KJ/mol for ∆Hf , J/mol/K for S and Cp
Species ∆Hf (298 K) S(298 K) Cp(300 K) Cp(400 K) Cp(500 K) Cp(600 K) Cp(800 K) Cp(1000 K) Cp(1500 K)
N2 0.00 191.49 29.08 29.32 29.64 30.09 31.39 32.76 34.80
H 217.97 114.59 20.79 20.79 20.79 20.79 20.79 20.79 20.79
O2 0.00 205.03 29.33 30.21 31.11 32.03 33.76 34.94 36.49
OH 38.98 183.59 29.93 29.72 29.57 29.53 29.84 30.68 32.94
O 249.19 160.93 21.89 21.50 21.26 21.11 20.99 20.91 20.84
H2 0.00 130.58 28.88 29.12 29.27 29.38 29.58 30.16 32.36
H2O -241.85 188.70 33.47 34.44 35.34 36.29 38.59 41.31 47.10
HO2 12.55 229.08 34.93 37.18 39.60 41.82 45.07 47.61 52.23
H2O2 -136.11 232.86 43.58 47.89 51.65 54.86 59.81 63.65 70.50
CO -110.54 197.53 29.08 29.43 29.86 30.41 31.86 33.25 35.18
CO2 -393.55 213.72 37.28 41.28 44.57 47.31 51.55 54.36 58.29
CH 597.34 183.02 29.17 29.23 29.41 29.74 30.85 32.27 35.87
HCO 43.51 224.51 34.50 36.74 38.82 40.86 44.94 48.20 52.54
1-CH2 424.72 188.70 33.79 34.72 36.00 37.58 41.21 44.38 49.49
3-CH2 386.98 195.47 34.51 35.78 37.15 38.60 41.57 44.21 49.11
C2H2 226.76 200.89 44.45 50.18 54.74 58.39 63.91 68.24 76.47
CH3 145.69 194.03 38.63 42.23 45.34 48.22 53.86 59.08 68.06
C2H3 302.87 231.50 40.04 46.81 53.49 59.89 71.04 78.44 88.98
CH2O -108.58 218.74 35.44 39.18 43.67 48.22 55.96 61.99 70.83
C2H4 52.46 219.15 42.82 53.50 62.53 70.42 83.91 94.18 109.71
C3H6 20.40 266.50 64.69 80.63 95.12 107.99 128.81 144.46 167.97
CH4 -74.90 186.04 35.26 41.19 46.61 51.93 62.75 72.16 86.32
C2H5 118.65 247.09 50.67 61.04 71.45 80.96 95.95 107.86 126.20
C2H6 -83.87 228.95 52.62 65.66 77.90 89.11 108.06 122.60 144.84
CH2OH -8.91 243.89 48.47 54.00 59.13 63.74 71.30 77.40 87.46
CH3O 16.30 228.46 37.99 45.13 52.02 58.48 69.58 77.82 90.01
CH3OH -200.94 239.78 44.15 51.40 59.53 67.33 79.81 89.65 104.98
C2H 566.98 213.23 37.08 40.86 43.90 46.38 50.22 53.27 59.19
HCCO 161.07 246.65 45.28 49.06 52.05 54.65 59.51 63.75 71.15
CH2CO -47.70 241.87 51.90 59.42 65.59 70.69 78.63 84.72 94.07
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Table C.2: continued
Species ∆Hf (298 K) S(298 K) Cp(300 K) Cp(400 K) Cp(500 K) Cp(600 K) Cp(800 K) Cp(1000 K) Cp(1500 K)
CH2CHO 25.09 267.89 55.13 63.38 70.97 77.81 89.13 97.68 110.26
CH3CO -10.01 267.42 50.94 59.64 68.02 75.43 86.49 94.53 105.60
CH3CHO -166.19 263.92 55.51 66.03 76.53 86.11 101.11 112.61 129.53
C3H3 345.98 253.26 60.27 70.17 78.18 84.71 94.61 102.32 114.38
C4H4 280.43 278.78 73.61 88.53 101.24 111.75 127.24 138.84 156.18
U-C4H3 477.18 273.07 72.73 84.03 93.59 101.49 113.23 122.34 136.22
C3H4 190.91 243.40 59.12 71.60 82.75 92.21 106.27 117.11 133.48
C3H5 161.68 258.31 67.25 81.79 95.05 106.83 125.51 137.62 156.63
P-C3H4 185.42 248.26 60.95 72.31 82.42 91.21 105.11 115.94 132.69
N-C3H7 100.49 289.42 71.58 89.91 106.23 120.41 142.74 159.53 185.05
I-C3H7 93.27 289.30 66.48 83.78 99.82 114.32 138.29 156.29 183.36
C3H8 -103.86 270.14 73.94 94.10 112.41 128.64 154.86 174.61 204.34
C4H2 465.59 255.93 73.89 84.52 91.62 96.78 105.00 111.25 121.34
S-C4H3 523.24 272.44 75.11 84.98 93.66 101.25 113.45 122.34 135.99
U-C4H5 345.14 288.60 77.86 96.55 111.14 122.71 140.15 153.47 174.60
S-C4H5 302.17 289.28 77.40 96.09 110.99 123.20 142.35 156.42 178.19
C4H6 118.21 278.04 77.74 96.93 114.73 130.81 156.67 172.77 195.79
C4H7 199.91 315.35 86.02 106.48 126.96 144.62 167.96 185.33 211.97
1-C4H8 -0.56 307.76 85.80 108.44 128.81 146.65 174.99 196.02 230.52
P-C4H9 66.51 328.34 98.13 121.59 142.57 160.91 190.00 211.91 245.56
C5H9 32.32 289.00 79.25 108.64 134.86 157.60 192.80 217.70 252.38
1-C5H10 -21.29 345.73 110.13 138.49 163.96 186.25 221.58 247.73 286.85
1-C5H11 45.80 368.00 119.63 149.65 176.52 199.93 236.73 263.78 305.93
1-C6H12 -41.71 384.64 132.98 167.48 198.39 225.39 267.97 299.32 346.05
1-C6H13 25.08 407.57 142.33 178.73 211.25 239.52 283.68 315.77 365.89
1-C7H14 -62.32 423.38 156.03 196.54 232.80 264.43 314.27 351.04 405.49
1-C7H15 4.37 447.15 165.07 207.80 245.95 279.07 330.65 367.75 425.84
B-C7H15 3.95 452.04 160.86 201.83 239.15 272.78 329.09 371.66 432.72
C-C7H15 3.95 452.04 160.86 201.83 239.15 272.78 329.09 371.66 432.72
D-C7H15 3.95 446.31 160.86 201.83 239.15 272.78 329.09 371.66 432.72
N-C7H16 -188.53 427.48 166.11 211.85 251.76 286.43 342.31 383.65 446.36
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Table C.2: continued
Species ∆Hf (298 K) S(298 K) Cp(300 K) Cp(400 K) Cp(500 K) Cp(600 K) Cp(800 K) Cp(1000 K) Cp(1500 K)
C7H15O2 -132.46 511.90 193.02 237.24 275.83 309.43 363.89 404.72 467.15
HEOOH-2 -79.95 535.21 194.87 239.61 278.66 312.57 367.04 406.93 465.14
OOC7OOH -235.70 583.86 227.32 276.55 319.14 355.79 413.93 455.87 515.76
HOOC7OOH -235.70 583.86 227.32 276.55 319.14 355.79 413.93 455.87 515.76
OC7OOH -355.49 529.34 206.40 254.53 295.14 329.30 382.08 419.45 474.42
OC7H13O -79.95 535.21 194.87 239.61 278.66 312.57 367.04 406.93 465.14
2-C10H21 -54.14 560.88 234.78 295.05 347.61 393.00 465.25 519.64 619.77
3-C10H21 -54.14 560.88 234.78 295.05 347.61 393.00 465.25 519.64 619.77
N-C10H22 -250.82 545.62 235.68 298.83 354.51 402.88 479.83 536.79 638.16
2-RO2 -202.40 614.73 263.46 328.07 385.55 435.18 511.33 564.08 656.88
3-2-RO2 -150.51 642.83 270.34 333.16 388.23 435.45 508.22 559.68 650.95
1-C10H20 -124.95 544.33 224.04 284.01 336.64 382.12 453.83 506.42 600.27
32O2RO2H -298.77 690.92 296.88 367.48 426.85 476.40 551.78 605.34 697.41
3-2ORO2H -504.15 652.46 262.48 325.42 382.84 432.99 509.63 561.80 657.93
A1–C6H5 332.37 292.14 87.93 113.24 135.72 155.04 183.68 199.88 222.86
A1-C6H6 85.90 269.08 82.71 112.65 138.25 159.41 189.94 210.95 240.24
U-C6H7 413.17 304.97 114.36 144.05 166.99 184.98 211.47 230.49 259.09
U-C6H5 588.23 352.59 112.54 133.35 151.77 167.56 191.02 204.76 225.66
C6H2 709.92 296.75 103.04 116.16 126.61 134.66 145.44 154.04 166.95
C6H6 82.89 269.28 83.33 113.34 139.12 160.58 191.94 213.59 243.99
C6H5O 47.70 307.76 95.00 124.54 149.51 169.91 198.74 218.27 244.89
C6H5OH -96.39 314.81 104.22 135.43 161.59 182.74 212.25 232.49 260.97
C5H5 266.09 279.44 77.10 102.40 123.75 140.71 162.99 178.94 201.09
C5H6 134.29 274.11 75.87 102.35 126.05 145.69 172.49 191.92 219.08
C5H5O 104.07 309.11 83.88 115.59 139.92 158.53 184.07 200.76 225.74
A1C2H-C8H6 316.58 318.97 115.90 150.74 178.65 200.96 233.47 255.91 288.87
A1C2H–C8H5 577.51 329.75 112.90 144.87 170.33 190.60 219.98 240.10 269.34
A1CH3-C7H8 49.98 320.13 103.94 138.51 169.84 196.34 234.07 261.29 299.49
A1CH2-C7H7 215.35 322.50 104.72 137.02 167.48 194.33 233.15 251.71 286.88
A1CH2O-C7H7O 112.03 387.74 133.16 164.07 198.21 230.50 276.49 290.80 327.38
A1CH2OH-C7H8O -100.93 365.81 118.32 153.57 183.82 209.63 249.93 278.34 319.54
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Table C.2: continued
Species ∆Hf (298 K) S(298 K) Cp(300 K) Cp(400 K) Cp(500 K) Cp(600 K) Cp(800 K) Cp(1000 K) Cp(1500 K)
A1CHO-C7H6O -36.82 335.96 112.36 146.59 175.15 198.51 232.30 255.01 286.77
C14H14 143.11 483.16 206.48 276.68 333.92 380.88 452.20 502.43 571.61
A1C2H3-C8H8 123.68 324.68 125.53 166.15 200.77 229.83 273.85 305.12 349.95
A1CO-C6H5CO 108.82 355.07 107.94 136.52 161.02 181.84 214.01 236.06 265.48
A1C2H2-C8H7 388.60 344.62 121.77 159.77 191.57 218.04 258.07 285.41 324.47
TMB-C9H12 -10.54 372.43 150.83 197.50 237.73 272.14 325.99 364.33 426.46
XYL-CH2-C9H11 137.93 393.66 151.07 196.62 235.61 268.77 320.35 356.77 415.49
XYL-CH2O-C9H11O 81.70 388.71 125.52 169.13 206.11 237.23 284.77 317.24 364.87
XYLCH2OH-C9H12O -132.96 401.54 132.75 176.79 214.59 246.70 296.21 330.29 380.75
XYL–C8H9 263.58 362.15 122.77 159.33 191.31 218.98 262.70 293.46 336.42
XYL-CHO-C9H10O -69.20 390.98 134.40 175.91 212.19 243.44 291.77 322.77 337.26
A1-2CH3-C8H10 17.70 351.57 127.32 166.67 200.93 230.44 276.89 309.66 355.95
XYL-CO-C8H9CO 76.41 384.50 124.44 163.16 197.72 227.97 275.33 305.72 318.86
TYL-CH2-C8H9 139.68 373.15 151.64 196.68 235.09 267.64 318.14 353.87 412.11
TYL-CH2O-C8H9O 51.04 410.85 147.04 195.91 237.87 273.60 329.10 367.40 417.30
TYLCH2OH-C8H10O -163.63 423.66 154.24 203.61 246.36 283.06 340.51 380.49 433.27
TYL–C7H7 295.70 318.85 99.80 132.96 161.53 185.83 223.12 248.45 286.86
TYL-CHO-C8H8O -99.86 413.10 155.91 202.70 243.95 279.82 336.09 372.94 389.50
TYL-CO-C7H7CO 45.75 412.47 146.09 190.04 229.56 264.43 319.71 355.88 371.13
NH3 -45.91 192.64 35.69 38.75 42.02 45.28 51.25 56.49 66.52
NH2 190.37 194.58 33.58 34.40 35.53 36.84 39.72 42.60 48.28
NH 376.56 181.13 29.15 29.17 29.26 29.46 30.22 31.26 33.72
HNO 99.57 220.59 34.65 36.81 39.07 41.26 45.05 47.92 52.24
NO 90.28 210.62 29.82 29.98 30.49 31.21 32.77 33.99 35.73
N2H 238.51 224.51 34.60 36.56 38.73 40.94 44.97 48.06 52.52
N 472.69 153.18 20.79 20.79 20.79 20.79 20.79 20.79 20.80
N2O 82.04 219.83 38.73 42.63 45.82 48.42 52.23 54.86 58.31
NO2 33.09 239.89 37.01 40.21 43.19 45.81 49.72 52.17 55.10
HNCO -101.67 238.11 45.21 50.65 54.99 58.47 63.62 67.52 73.63
NCO 159.41 232.10 40.15 43.84 46.97 49.56 53.36 55.85 58.95
HCN 135.14 201.66 35.97 39.16 41.73 43.85 47.30 50.23 55.24
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Table C.2: continued
Species ∆Hf (298 K) S(298 K) Cp(300 K) Cp(400 K) Cp(500 K) Cp(600 K) Cp(800 K) Cp(1000 K) Cp(1500 K)
CN 435.13 202.52 29.15 29.42 29.95 30.64 32.17 33.45 35.56
HONO -76.74 249.32 45.53 51.33 56.04 59.88 65.57 69.28 74.86
CH3NO2 -64.14 283.87 64.00 76.45 87.43 97.05 112.65 124.19 141.08
Appendix D
Nomenclature
Latin Letters
Air frequency factor of elementary reaction ir
a speed of sound
as strain rate
aij number of atoms of element j in a molecule of species i
CSP Computational Singular Perturbation
cf fuel mass concentration
cj the concentration of species j
cO2 oxygen mass concentration
cp heat capacity at constant pressure
cpi heat capacity at constant pressure of species i
cχ constant in the model of the turbulent scalar dissipation
rate cχ = 2.0
c1 k-ε model constant c1 = 1.44
c2 k-ε model constant c1 = 1.92
Di binary diffusion coefficient of species i
E identity matrix
Eir activation energy of elementary reaction ir
F cumulative distribution function
f probability density function (Pdf)
g gravitational acceleration
h enthalpy
ILDM Intrinsic Low Dimensional Manifold
ji molecular diffusion flux of species i
jq molecular heat flux vector
k turbulent kinetic energy
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kir rate of reaction ir
L characteristic length scale
Le Lewis number
l integral length scale
Ma Mach number
nir temperature exponent of elementary reaction ir
nr number of regions of the origin of a particle
ns number of chemical species
P probability
Pdf probability density function
Pr Prandtl number
p pressure
pi partial pressures of species i
p.w. present work
q˙r radiative heat loss
RIF Representative Interactive Flamelet
Re Reynolds number
r ratio of the amount of products to all reactive species
rf stoichiometric oxygen requirement to burn 1 kg fuel
Rgas the universal gas constant Rgas = 8.3143 ∗ 103 J/(kmol K)
S rate of strain tensor
SDR scalar dissipation rate
Sc Schmidt number
T temperature
Tˇ activation temperature
t time
tη Kolmogorov time scale
u sample space vector of velocity vector
V volume
v velocity vector
Wi molecular weight of species i
XO2 mole fraction of molecular oxygen
x spatial vector
Yi mass fraction of species i
Y ∗i equilibrium mass fraction of species i
Z mixture fraction
Zj mass fraction of chemical element j
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Greek Letters
αp Planck’s radiation coefficient
β arbitrary coupling function
∆h0f,i heat of formation of species i
δ Dirac delta function
ε dissipation of turbulent kinetic energy
η Kolmogorov length scale, sample space of the mixture fraction
κ bulk viscosity
λ thermal conductivity
µ dynamic viscosity
ν kinematic viscosity
νj number of atoms of element j = C,H,O present in the mix-
ture
ν ′i,ir, ν
′′
i,ir stoichiometric coefficients of species i in reaction ir
nr number of elementary reactions
ωi chemical source term of species i
χ scalar dissipation rate
Φ random variable
ρ density
σs Stefan-Boltzmann constant σs = 5.669 ∗ 10−8 W/(m2K5)
τ integral time scale
τc characteristic time scale
τl characteristic laminar time scale
τt characteristic turbulent time scale
τ Newtonian viscous stress tensor
∇ Nabla-operator, ∇ = (/x, /y, /z)T
∇u divergence operator with respect to the three components of
velocity ∇u = (∂/∂u1, ∂/∂u2, ∂/∂u3)T
Symbols
L differential operator
Superscripts
(̂ ) spatial averaging
( ) ensemble averaging
〈( )〉 ensemble averaging
(˜ ) Favre ensemble averaging
( )′ fluctuation around ensemble average
( )′′ fluctuation around Favre ensemble average
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Subscripts
st stoichiometric
t turbulent
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